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Preface 
This thesis describes original work which has not 
been submitted for a degree at any other University. 
!he investigations were carried out in the 
crystallography Laboratory, Department of Metallurgy 
and Engineering Materials at the University of 
Newcastle upon Tyne during the period October 1917 
to September 1980 under the supervision of 
Professor X.H. Jack. 
The thesis describes the investigation of 
nitrogen 8lasses occurring in various M-Si-O-N and 
M-Si-Al-O-N systems. The limits of glass formation 
are discussed and the changes in physical properties 
on replacement of oxygen by nitrogen are reported. 
A new crystalline phase in the Mg-Si-AI-O-N system 
has been identified as the product of devitrification 
of a magnesium sialon glass. 
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Abstract 
Nitrogen glasses are prepared in various M-Si-O-N 
and M-Si-AI-O-N systems (M - Mg, Y, Ca & Nd) by 
fusing the appropriate metal oxide powders with Si02 ' 
A120, • Si,N4 and AIN at 1600
0
_17000 C under a 
nitrogen atmosphere. The limits of glass formation 
in some of the nitrogen-containing systems are 
investigated and properties of the glasses are 
evaluated. 
Nitrogen is incorporated in M-Si-A1-0-N glasses 
iv 
up to 10-12.5 a/o, the highest being in the Y-Si-A1-0-N 
system. The nitrogen glass-forming regions are 
extensions of their appropriate M-Si-AI-O-N vitreous 
regions. Small homogeneous glass regions also form 
in some M-Si-O-N systems. 
Property measurements on both oxide and nitrogen 
glasses of the same cation composition show that 
viscosity, refractive index, dielectric constant, 
and a.c. conduotivity all increase with nitrogen 
incorporation these ohanges being due to the increased 
strength, directional charaoter and polarisabi1ity of 
the nitrogen bond compared with oxygen in the glass 
network. 
Grain-boundary vitreous phases, previously 
considered to be oxides, occurring in densified silicon 
, 
nitride and ~ -sialons have compositions within the 
nitrogen glass regions of their appropriate M-Si-O-N 
or M-Si-Al-O-N systems (where M - MS or Y), and 
are therefore shown to be oxynitrides. 
" A new Mg-Si-Al-O-N phase ~ -magnesium sialon, 
isostructural with f3-Si~N4 and with a range of 
compositions near Mg21Si18Al~048N10' is obtained by 
devitrification of Mg-Si-AI-O-N glasses with a 
metal:non-metal atom ratio 3M:4X in the presence 
of undissolved J3-Si,N4 • 
v 
I. Introduction 
1.1 Engineering ceramics 
OVer the past twenty years research has been 
increasingly directed to the production of new engineering 
materials for a wide variety of applications in the nuclear 
and aerospace industries and towards energy conservation. 
Considerable interest has been shown in ceramics for 
components of gas-turbine engines where their use is 
expected to increase the operating temperature from 11000 C 
o to 1400 C, thereby achieving higher fuel efficiency and 
less environmental pollution. An engineering ceramic to 
withstand such temperatures must combine high strength, 
oxidation resistance, negligible creep, good thermal 
shock properties and resistance to corrosive environments. 
The useful strength of a material is the stress that 
it can withstand at small strains usually less than 0.1%. 
Hence the requirement for a strong ceramic is a high 
elastic modulus, E. Better still is a high value of 
elastio modulus divided by specific gravity (the specific 
modulus), that is a high modulus to weight ratio. 
Table 1.1 lists some high specific modulus materials. 
High elastic modulus and low density imply that the 
interatomic bond strength must be high, and that the 
1 
Table I.1 
Some high specific modulus materials 
material 
Si~N4 
SiC 
Al 203 
AlN 
BeO 
BN 
C fibre 
steel 
glass 
wood 
aluminium 
specifio 
modulus 
104 MNm-2 
12 
17 
9 
10 
12 
5 
42 
~ 
melting or 
decomposition 
temperature 
°c 
1900 
2600 
2050 
2450 
25~0 
2700 
3500 
2 
atomic weights and ooordination numbers are small, both 
of whioh are satisfied by covalent bonding. High 
decomposition temperatures are also a result of high 
bond strength. 
Of the materials listed, A1N hydrolyses easily, 
A1 203 has poor thermal shock properties, BeO is toxio, 
C is readily oxidised and BN is difficult to fabrioate. 
This leaves and SiC as leading contenders for 
high temperature applications and both belong to a group 
of materials known as "Speoial Ceramics". 
1.2 Nitrogen ceramios 
Silicon nitride has been the subjeot of intensive 
research sinoe its high strength, wear resistanoe, high 
deoomposition temperature, oxidation resistanoe, low 
coefficient of friction, resistance to corrosive 
environments and exoellent thermal shock properties 
suggest it should be an ideal high temperature oeramic. 
However, beoause silicon nitride is covalently-bonded 
it has a low self-diffusivity whioh makes it diffioult 
to sinter to maximum density by firing. Three methods 
of shaping are employed namely reaotion-bonding, hot-
pressing and pressureless-sintering. 
In reaction bonding the required shape is first 
3 
made from oompaoted si1ioon powder whiob is then 
nitrided at 14000 C, with negligible ohange in dimensions, 
to give a produot with about 25% porosity. The high 
porosity has a deleterious effeot on oxidation 
resistanoe and strength. 
Hot-pressing of silioon nitride powder with small 
amounts (1-2 w/o) of additives suoh as magnesia, yttria, 
oeria or ziroonia can aohieve a fully dense produot with 
high strengths up to 10000 C. 
Pressureless-sintered silioon nitride with less 
than 5 v/o porosity is obtained by using larger amounts 
of oxide additives (5-10 w/o). 
The densifioation of si1ioon nitride by either 
hot-pressing or pressureless-sintering with an oxide 
additive provides oonditions for liquid-phase sintering 
by solution of 0<-Si}N4 and reprecipi tation of f3 
(Rae et al., 1977). Magnesia, the first widely used 
additive, reacts with the surface layer of silica that 
is always present on the nitride to give what was at 
first thought (Wild et al., 1972a) to be a silioate 
liquid whioh oools to give a low softening-temperature 
glass. The grain-boundary vitreous phase causes the 
oreep resistanoe of the high-density product to decrease 
o 
rapidly above 1000 c. It is now well-established that 
4 
the liquid phase and the glass that forms from it are 
oxynitrides (Terwilliger & Lange, 1914; Drew & Lewis, 
1914; Jaok, 1914). 
The Y-Si-O-N liquid formed when hot-pressing 
silioon nitride with yttria then reacts with more nitride 
to give highly refractory quaternary oxynitride phases 
and leads to improved high temperature properties 
(Gazza, 1915). Impurities are aocommodated in the 
crystalline Y-Si-O-N phases and only a small amount of 
liquid remains to form a glass (Rae et al., 1915). 
It has been argued (Jack, 1914) that densification 
of even "pure" silicon nitride either with or without 
an additive can never give a homogeneous, single-phase 
produot beoause of the silioa present on the powder 
particles. Second phase orystalline inclusions will 
act as stress-raisers or will initiate cracks because 
of their differential thermal expansion relative to the 
matrix while grain-boundary vitreous phases will impair 
creep resistance. 
The field of nitrogen ceramios was further 
extended by the concurrent discovery in Britain and 
Japan (Jack & Wilson, 1912; Qyama & Kamigaito, 1911) 
that it was possible to replace silicon by aluminium 
and nitrogen by oxygen in silicon nitride without 
5 
ohanging the structure. Silioon nitride is merely the 
first of what is now known to be a very wide field of 
nitrogen oeramios formed by "alloying" silioon nitride 
with alumina and other metal oxides and nitrides. 
The aoronym "sialon" given to phases in the Si-AI-O-N 
and related systems (Jack, 1913) has become a generic 
term for materials, vitreous as well as crystalline, 
that are essentially alumino-silicates in which oxygen 
is partially or oompletely replaced by nitrogen. 
Bulk nitrogen glasses have been prepared in the 
Mg-Si-O-N and also the yttrium and magnesium sialon 
systems (Jack, 1911a). It is clear that these glasses 
are important because the high temperature strength and 
creep-resistance of nitrogen ceramics depend markedly 
on the amount and characteristics of the grain-boundary 
glass. Nitrogen glasses may also be important in 
their own right since small concentrations of nitrogen 
in oxide glasses are reported (Elmer & Nordberg, 1961) 
to increase their viscosity and resistance to 
devitrification. 
6 
11. Classes, Silioates and Nitrogen Ceramios 
11.1 Introduction 
Class is an amorphous solid and so possesses no 
long-range order. X-ray diffraotion measurements show 
that glasses are struoturally more olosely related to 
liquids than to orystalline solids. They are usually 
produots of fusion formed by oontinuous oooling of a 
liquid to a rigid state without the oocurrenoe of 
orystallization. There are, however, many other 
teohniques for glass formation which do not involve a 
liquid and so the above statement cannot be taken as a 
rigid definition of a glass. 
The most commercially important group of glass-
forming materials are those based on silica and they are 
the silicates, alumino-silicates and boro-silioates. 
11.2 Class formation from liquids 
The tendenoy to form a glass is determined by the 
rates of nucleation and growth of crystals from the 
liquid. Under most circumstanoes the rate of 
crystallization of many glass-forming materials is too 
high for vitrifioation to occur, with the exception of 
7 
silica. The crystallization velocity is reduced 
drastically when the viscosity of a liquid is high, 
since structural rearrangement is suppressed. Therefore 
a material with high viscosity near its melting point is 
more likely to form a glass. 
Bulk crystallization must be preceded by nucleation 
and the majority of liquids only require a limited amount 
of supercooling before "critical" nuclei are formed. 
In viscous liquids the nucleation rate can be reduced 
by the slow structural mobility and is found to be 
inversely proportional to the viscosity of the liquid. 
It is usually found that nucleation rates are more 
important than crystallization rates in determining 
whether a liquid will vitrify or not, and if nucleation 
does not occur when a liquid is cooled it will fail to 
crystallize and, instead, become a rigid, amorphous 
solid or glass. 
II.} The structure of silicates and alumino-silicates 
In crystalline silicates there is four-fold 
coordination of oxygen around each silicon and the 
silicon-oxygen tetrahedron, is the 
building unit for all silicate structures. The 
tetrahedra are joined tcgether by common corners and 
occur as isolated single units or pairs or m~ be built 
8 
up to form rings, ohains, sheets or three-dimensional 
networks. 
The structure of vitreous silica, as proposed by 
Zachariasen (1932), is a three-dimensional network where 
each tetrahedron is joined at its vertices to four others 
but in such a way that the structure is a random network 
and lacks any long range periodicity. Warren & Biscoe 
(1938) and Mozzi & Warren (1969) showed that X-ray 
diffraction data were consistent with the random-network 
model of Zachariasen. There is a great deal of 
argument about the structure of vitreous silioa and 
silicates but the random-network model is still widely 
accepted as the best description of oxide glass structure. 
The addition of other oxides, for example of the 
alkali or alkaline-earth elements (M20 or MO), to 
vitreous silica causes the three-dimensional network to 
break up and results in a reduction of the viscosity 
because Si-O-Si bonds are broken. Oxides of this type 
are called "modifiers" and as long as the ratio of M20 
or MO units to the number of 8i02 units does not 
exceed one to one then the silicon-oxygen network is 
preserved because each silicon-oxygen tetrahedron is 
linked to at least three other tetrahedra and glass 
formation oan still occur. The cation is accommodated 
in the interstices of the network and thus enables the 
9 
charge balance to be maintained. structurally. 
silicate glasses are very similar to their crystalline 
counterparts with the exception that they lack 
periodicity and are amorphous to X-rays. 
Some oxides of the M203 type. such as alumina. 
are called "intermediate" oxides because they are neither 
glass-formers nor modifiers. The aluminium atom m~ be 
either four or six coordinated with oxygen giving rise 
10 
to tetrahedral [AI04]5- or octahedral [AI06]9- groups. 
The [AI04]5- unit is similar in size to the [Si04]4-
tetrahedron and therefore can be accommodated in the 
silicate network provided the necessary charge 
compensation is made elsewhere in the structure to 
ensure electroneutrality. The similarity with alumino-
silicate minerals can be clearly seen since they are 
also built up from [Sio4]4- and [A104]5- tetrahedra. 
The addition of alumina to silicate glasses has 
a fourfold effect: 
(a) increases refractoriness; 
(b) reduces the tendency to crystallize; 
(c) increases the range of glass formation and reduces 
immiscibility; 
(d) increases chemical resistance and weathering. 
1104 Relationship between silicates, alumino-silicates 
and nitrogen ceramics 
Silicon nitride occurs in two structural 
modifications ({)(and J3) both of which are built up 
tetrahedra. The atomic arrangement of 
(Hardie 
& Jack, 1957), whereas C><-Si3N4 is an alternative way 
of joining SiN4 tetrahedra and has approximately twice 
the cell volume of f-3. (See Figures 1I.1(a) & (b)). 
11 
e><-Si 3N4 is a defect structure and up to one in thirty 
nitrogen atoms are replaced by oxygen (Wild et al., 1912b; 
Hampshire, 1980), whereas j3 is the stoichiometric form 
(Si3N4)· 
The similarity between the building units of both 
silicates and nitrogen ceramics is clearly seen and 
because of this it was predicted (Wild et alo, 1968) 
that SiN4 might be replaced by AI04 to give a new 
and wide range of materials both vitreous and crystalline 
based on the (Si,Al)(O,N)4 tetrahedral building unit. 
The sialons are essentially alumino-silicates in 
which oxygen is replaced by nitrogen and if any charge 
compensation is necessary then other cations are 
introduced to maintain electroneutrality. The "sialon tI 
tetrahedra can be joined together as networks, sheets, 
chains or isolated units and are structurally analogous 
The crystal struct.ure 0:: 
(a; f3 -silicon nitride, 31 6:'\3 
(b) ex-silicon nitrids,~i12:;r16 
(0) 
to silicates. Other cation additions can either be 
inoorporated in the struotura1 units or beoome 
interstitial. Their introduction provides a further 
degree of freedom and therefore greater struotura1 
and chemical diversity. The five-component meta1-
sia10ns can also be viewed as metal a1umino-si1icates 
where oxygen is replaced by nitrogen. Glass 
formation occurs in a large number of these ternary 
oxide systems and it has already been established that 
some nitrogen oan be inoorporated in these glasses 
(Jack, 1977a). 
12 
111. Previous Investigations 
111.1 Introduction 
Silicon nitride was first hot-pressed with 
5 w/o MgO to near theoretical density by Dee1ey et al. 
(1961). Wild et al. (1972a) studied the role of the 
MgO and showed that it reacts with the silica that is 
always present on the surface of the silicon nitride 
powder particles to give a liquid near the MgSiO~-Si02 
eutectic composition. This cools to give a relatively 
low softening temperature grain-boundary glass which 
impairs the strength and creep resistance above 10000 C. 
Heat-treatment at 13500 C devitrified the glass to give 
enstatite (MgSiO~) and silicon oxynitride (Si2N20) and 
so the glass must have contained nitrogen. It was 
established that the liquid aids densification by 1iquid-
phase sintering and promotes transformation of ()(to)3 • 
Transmission e1ectron-microscopy of similar 
material (Nutta11 & Thompson. 1974) indicated areas at 
the junction of silicon nitride grains which showed no 
diffraction contrast and therefore were amorphous. 
Some areas even showed hexagonal crystals of J3-Si3N4 
which had grown from the liquid (see Figure 111.1). 
Figure III.1 Tranaaission electron-micrograph 
ot 5i3• 4 hot-pressed with MgO 
show,inS amorphous' region CA) from 
" which has grown a hexagonal 
13-8135'4 orystal. 
'I' 
" : .... " T' 
;"' ' 

Gazza (1915) found that Y20~ produced a dense 
silicon nitride with good high-temperature properties 
and attributed this to the formation of refractory 
grain-boundary phases. Rae et al. (1911) showed that 
the Y20~ reacts with the surface silica and some 
nitride to give a liquid which allows densification 
and transformation from 0< to f3 · As the reaction 
proceeds, the liquid combines with more Si~N4 to give 
one or more quaternary yttrium-silicon oxynitride phases 
which can accommodate the impurities that would 
otherwise form a glass on cooling and degrade properties. 
Some unreacted liquid cools to give a glass but this 
can be devitrified by suitable heat-treatment thus 
improving the high-temperature strength. However, the 
14 
hot-pressed material fails catastrophically at 9000 _12000 C 
in an oxidising environment this being due to the 
oxidation of the grain-boundary Y-Si-O-N phases to 
give oxides with markedly different specific volumes 
to that of the starting material. 
A number of other additives have been explored 
The first 
three of these have been shown to have as good if not 
superior properties to both Y20, and MgO (Buang, 
1919; Dodsworth, 1980). 
111.2 The Si-Al-O-N and related systems 
Jack & Wilson (1972) and Oyama & Kamagaito (1971) 
reacted with and obtained new materials 
isostructural with )3 -Si3N4 , and therefore named I J3 -sialons, but with expanded unit-cell dimensions 
Lumby et al. (1975), 
Gauckler et al. (1975) and Jack (1976) later showed that 
I 
the J3 phase has a range of homogeneity along the 
Si
3
N4-A1203.A1N join, and maintains a metal:non-metal 
ratio of 3:4 according to the formula Si6 Al 0 N8 -z z z -z 
The behaviour diagram of the Si-Al-O-N system 
is shown in Figure 111.2 (Roebuck, 1978). As well as 
, J3 -sialon a number of other phases have been observed: 
X-phase (Jack & Wilson, 1972), which exists in "High-X" 
and "LoW-X" modifications - both with triclinic unit-
cells (Jack, 1977b); 
I 
o 
partial replacement of Si and N by Al and 0 
(Jack, 1973); and six other phases with ranges of 
homogeneity extending along lines of constant M:X 
I 
ratio between J3 and AIN (Gauckler et al., 1975). 
The latter have been fully characterized as a new kind 
of polytypes related to the wurtzite structure of A1R 
(Thompson. 1977; Roebuck & Thompson, 1977). The 
structures are directly related to their compositions 
~+Xm+1 and are described by the Ramsdell symbols 
Figure 111.2 The Si-AI-O-N behaviour diagram at 17000 C 
(after Roebuck, 1978). 
- -z g: ~ 
9: « z 
« <! (Y) 
-
~ 
- ~~ z ~~ ....j> 
<t 
~~~~~~~--------------------- -----------~z....j> 
vr 
8B, 15R, 12B, 21R, 27R and 2B 0 . 
It has been shown that other metals suoh as Mg, 
Be and Li oan be inoorporated in most of the phases 
of the Si-Al-O-N system with homogeneities extending 
along appropriate planes of oonstant M:X ratio in each 
M-Si-AI-O-N system. 
Liquid regions ooour in the M-Si-O-N, Si-AI-O-N 
and more espeoially the M-Si-Al-O-N systems. It is 
I 
now well-established that both Si3N4 and f3 -sialons 
require an oxide additive for liquid phase densification 
(Drew & Lewis, 1974; Lewis et al., 1977; Rae et al., 
1977). The silicate liquid dissolves some nitrogen 
and on cooling invariably forms a grain-boundary glass, 
sometimes in oonjunction with other oxynitride or sialon 
phases. The softening of the glassy-phase above about 
10000 C is a major reason for the deterioration in the 
high-temperature properties of nitrogen ceramics. 
11103 Mg-Si-O-N and Mg-Si-Al-O-N glasses 
Perera (1976) observed a large liquid region at 
17000 C in the Mg-Si-O-N system (Figure III.3) which 
also extends into the Mg-Si-Al-O-N system and joins up 
with the Mg-Si-Al-O liquid region where euteotics 
o 0 
ocour at 1355 C and 1365 C. The small Mg-Si-O-N 
16 
Figure 11103 ~1g-Si-O-N behaviour diagram showing the liquid 
and glass region at 1700°0 
(after Perera, 1976). 
6tv1g0 
3/2Mg2Si04 ~-
2MgSi03 
3Si02 
3/2M94NiJ 2Mg3~ 
@ ( 
........... 
"" ) 
,-
/ 
./ 
---;;.,-
3/2Si2NiJ 
- - - Liquid at 1700°C 
Mg4SiN4 
---- 2MgS'i N2 
Si3N4 
Figure II I .4 X-ray photographs of products obtained by 
reacting Si3N4 with mixtures of 1.~O and 3i02 
at 17000 c leading to glass formation. 
(1) ° w/o Si3N4 (2) 4 w/o Si,N4 
(3) 10 W /0 Si3N 4 (1 005:: glass) 
(4) Devitrification at 1500 0 c to Si2N20, 1;IgSi03 
(clinoenstatite) and Si 02 (cristobalite). 
p-e 
c TT c w/o MgO Si02 Si3N4 I I 
I 
1700°C I 20 180 I 0 
I 
I 
- -
-~_""t---
'I I 
2 
. ----...,------
19 177 I I I 4 
I I 
I I 
-- -.--~. 
- ,----- -
3 1" -.,,-,,- . ~ 6 ~ .. R_ " 
18 72 10 
1500°C I 11 
4 I 
I 
11 
I 
c c 
c-e 
I 
Si2N~ 
-- - KCl standard p-e = protoenstatite 
c = cristobalite, 5i02 c -e = cl i noenstat i te 
glass region explored by Perera (1976) using varying 
mixtures of MgO, Si02 and Si}N4' is also shown in 
Figure Ill.}. A typical starting composition was 
Ms12Si26056N6 but weight losses up to 10% were 
reported and attributed to the volatilisation of 
silicon monoxide and nitrogen. Devitrification of 
o the glass at 1500 C gave cristobalite, enstatite and 
silicon oxynitride (see Figure 111.4). 
17 
Extensive glass formation occurs in the Mg-Si-Al-O 
system (MoKillan, 1964) and additions of aluminium to 
Mg-Si-O-N compositions extend the vitreous region into 
the Mg-Si-Al-O-N system (Jack, 1977a). Investigation 
of the MgO-Si02-A1N sUb-system (Jack, 1977b) showed 
that glass containing up to 10 a/o N could be 
prepared by firing at 16500 C for }O minutes (see Figure 
II1.5(a)). 
II1.4 Y-Si-Al-O-N glasses 
A liquid region exists in the Y-Si-O-N system 
at 17000 c (see Figure 111.6) but no glass-forming region 
had been reported (Rae, 1976). The Figure also shows 
the four quaternary phases of this system mentioned 
previously. A vitreous region exists in the Y-Si-Al-O 
system (Makishima et al., 1978) and nitrogen glasses 
have been prepared in the Y20}-Si02-AIN SUb-system as 
shown in Figure 1II.5(b). Electron-probe microanalysis 
of one glass sample showed a composition close to that 
of the starting mix i.e. Y9Si20A19053N9 and it 
devitrified at 12000 C to give crystalline f3 -Y2Si201 , 
Y
3
A1 5012 (yttrium-aluminium garnet) and Si2N20. The 
glass was transparent in this section with a refractive 
index of 1.16. 
Grain-boundary glass in silicon nitride hot-pressed 
with relatively small additions of yttria and alumina 
were found by electron-probe microanalysis to have 
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similar compositions to those just discussed (Jack, 1911b) 
and, based on the analytical results, a bulk sample of 
111.5 other nitrogen glass systems 
Calcium sialon glasses were also prepared in 
previous work at Newcastle, a typical composition being 
Also, in the Si-Al-O-N system 
without addition of other metals, vitreous phases have 
o been prepared by quenohing from 1100 C several 
compositions within the liquid region shown in Figure 
111.2 (Roebuck, 1918). One composition Was 
Si21A19051N1 and is close to that of X-phase; indeed, 
the same material slowly oooled gave X-phase, mullite 
and silicon oxynitride. 
l"ieure III 05 Glass formation in: 
(a) the BgO-Si02 -AIN sub-system 
(b) the Y203-Si02-AIN sUb-system 
(after Jack, 1977b). 
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111e6 Solubility of nitrogen in silioate glasses 
Mulfinger (1966) and Davies & Meherali (1911) 
showed that the solubility of nitrogen in silicate 
and alumino-silioate glasses is chemical rather than 
physical. It was established that molecular nitrogen 
will react and dissolve chemically only in reducing 
environments,that is in the presence of carbon, 
carbon monoxide or hydrogene It was suggested 
(Mulfinger & Meyer. 1963) that nitrogen is coordinated 
with silioon in the structure as follows, 
Si N Si 
Si 
III 
Later work (Kelen & Mulfinger, 1968) indicated that 
Si3N4 dissolveschemically in alkali and alkaline-earth 
silicate glasses but oxynitride glass formation was 
followed by decomposition of inoorporated nitrogen by 
reaction with alkali ions in the melt forming volatile 
nitrides. 
Silicon nitride additions to container glass 
batches was shown by Harding & Ryder (1910) to lower 
the sulphur and water retention and to increase the 
softening point of the resultant glass. 
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The chemical solubility of nitrogen by nitriding 
with ammonia occurs in silioate glasses (Mulfinger & 
Franz, 1965) and in reconstruoted high-silioa glasses 
(Elmer & Nordberg, 1965)0 Both investigators detected 
-NR groups in the glass struoture by I.R. speotroscopy 
and evidence of -NH2 and -N: was also olaimed. 
Nitriding increased the annealing point, the 
electrolytioal devitrification, and the doo. resistivity 
of high-silica glasses and was apparently responsible 
for the reduotion in ultra-violet transmission 
(Elmer & Nordberg, 1965, 1967). 
111.7 Representation of the Si-Al-O-N system 
The Si-Al-O-N system is apparently four-
component and'so might be expected to be represented by 
a regular tetrahedron (see Figure 111.1) with eaoh of 
the vertioes representing one atom or one gram-atom of 
the respective element. A point within the tetrahedron 
then represents one atom of oomposition 
Si Al 0 N 
a b c 1-(a+b+c) 
Bowever, since in any phase the elements have fixed 
IV III 11 III 
valencies Si ,AI • 0 and N ,one degree of 
freedom is lost because the sum of the positive 
valencies must equal the sum of the negative ones, 
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Figure I II • 7 The tetrahedral representation 
of the Si-Al-O-U system 

4c + 3b - 2c + 3(1-a-b-c) 
and so the composition is given by 
Si Al 0 N 
a b 3-7a-6b 6a+5b-2 
and the system is pseudo-ternary with compositions given 
by the two variables a and b. All phases in the 
system lie on the irregular quadrilateral plane shown in 
Figure 111.8(a) that outs the edges of the tetrahedron 
at the oompositions Si02/3 t A120,/5, AlN/2 and 
Si3N 4/7 • The [ 001] projection of the 
quadrilateral is shown in Figure 111.9 
A simpler representation is obtained by expressing 
the concentrations in equivalents rather than atoms 
or gram atoms. Each corner of the Si-Al-O-N 
tetrahedron is then one equivalent of any element and 
because one equivalent of an element or compound always 
reacts with one equivalent of any other speoies, the 
compositions of the compounds Si,N4 , AlN, A1203 and 
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5i02 (expressed in equivalents) are located at the 
mid-points of the tetrahedron edges as in Figure IIIo8(b). 
The method of representation is exactly the same 
as for a reciprocal salt-pair (Zernioke, 1955; Findley, 
1927) and involves treating compounds in ionio terms 
Figure 111.8 Depiction of the tetrahedron in terms of three 
orthogonal axes. Corners represent: 
in (a) atomi. units; in Cb) equiyalent units. 
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Figure 111.9 The irregular quadrilateral plane of the 
Si3N4-AIN-A1203-Si02 system in atomic units 
(see Figure II1.8(a). (Heights above the 
plane of the paper are in the circles.) 
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even though the bonding is predominantly oovalent. 
Any composition in the sialon system is defined by the 
two variables: 
Al/"!J 0/2 
and 
Si/4 + Al/3 N/3 + 0/2 
These can be plotted perpendicular to one anothe~ and a 
square is obtained (see Figure 111.10). 
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The bottom left-hand corner conventionally 
represents one mole of Si3N4 and the other three corners 
All solid 
phases or mixture of phases within the Si-AI-O-N system 
fall within the square which is exactly the same as the 
irregular quadrilateral of Figure II1.9 exoept that 
ooncentrations are expressed in equivalents and not 
atomic units. The representation is very convenient 
beoause a oomposition at any point within the square 
is a oombination of 12+ve and 12-ve valenoies; 
this enables easy plotting of oompositions. On moving 
from left to right "!JSi4+ are gradually replaoed by 
4A1 3+ and similarly from bottom to top 4U3- are 
replaced by 6d2-. It is olear that although the 
number of equivalents remain the same. the number of 
atoms vari~s. 
Figure IIIo10 The square representing the 
Si3N4-AIN-A1203-Si02 system in 
equivalent units 
(see Figure III.8(b)). 
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111.8 M-Si-Al-O-N systems 
A five-component metal-sialon system is 
represented in a similar way by Jinecke's triangular 
prism in which all the edges are equal (Zernicke, 1955). 
Solid phases must again contain atoms with fixed 
valencies. The basal plane of the prism is the 
Si}N4 - A14N4 - A1406 - Si}06 square of Figure 111.10, 
and the third dimension represents the metal 
concentration e.g. Mg within the system 
Mg-Si-Al-O-N (see Figure 111.11(a». The back 
triangular face represents the ternary oxide system 
(expressed in equivalents) and the front face that of 
the nitrides. Any phase, crystalline or vitreous, 
within the M-Si-Al-O-N system is represented by a 
region within the Jllnecke's prism. Since all edges 
are equal they may be oonveniently divided into twelve 
parts (one division per valency) or they may be 
graduated in equivalent percentages (e/o). 
Within the prism, vertical triangular planes 
each represent a constant oxygen:nitrogen ratio as 
shown in Figure III.11(a). Each plane is parallel to 
both the oxide and nitride end-faces and 6rl-- are 
replaced by 4N}- on moving from the back to the front 
face. If the ratio of N:O is fixed (see Figure 
111.11(b» then the metal composition (e.g. Ms, Si and 
AI) can be expressed (in equivalents) by any point, P, 
2} 
Figure III 0 11 
(a) Representation of a five-component 
system (e og. ]'vlg-Si-AI-O-N) showing 
the plane of constant N:O ratio within 
the J!necke prism. 
Cb) Method of representing a cation 
composition by a point (p) on the 
plane of constant N:O ratio. 
(a) 
.... 
5i306 
.... .... .... 
.... .... .... ~ y )~ -x- ~ 
( b) 
in the usual way for a three-component system. 
This representation was adopted to describe 
the limits of glass formation in the different metal-
sialon systems that were explored in the present work. 
Thus, the limit of the metal alumino-si1icate glass 
region is plotted on the oxide face of the prism and 
it is possible to observe how the glass region extends 
into the M-Si-Al-O-N prism on replacing oxygen by 
nitrogen. Vitreous regions in both the Mg-Si-O-N 
and Si-!1-0-N systems are represented on their 
respective faces of the Jlnecke prism. 
Investigation of glass formation in sUb-systems 
explored previously at Newcastle (see Jack. 1971b) and 
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by Loehman in his early work (1918) cannot satisfactorily 
explore the full extent of any particular nitrogen glass 
system. For example, the MgO-Si02-A1N sUb-system 
only examines compositions within the triangle bounded 
by the Me606-Si306' the Mj606-A14N4 and the 
Si
3
06-A14N4 joins and the same argument applies to the 
Without a detailed, 
systematic exploration at successively increasing fixed 
N:O ratios it is possible to miss detecting the glass-
forming region or at least not obtain the compositions 
of maximum nitrogen solubility. 
rVe Soope of the Present Investigation 
The aim of the present work was to determine the 
limits of glass formation in various M-Si-O-N and 
M-Si-Al-O-N systems and to study the effeot on glass 
properties replacing oxygen by nitrogen. 
A detailed investigation of glass formation was 
oarried out in the magnesium and yttrium systems the 
results of which are presented in Chapter VI. The 
formation of nitrogen glasses in a variety of other 
systems is included in the discussion. 
Chapter VIr describes and discusses the viscosity, 
devitrifioation characteristics, and optioal properties 
of some glasses. Electrioal measurements obtained 
for some selected glasses at Durham University are 
presented in an Appendix. 
An attempt is made to relate the synthesised 
bulk nitrogen glasses with grain-boundary glasses 
occurring in densified nitrogen oeramios by studying 
their respective devitrification behaviourse This 
mainly involved the use of X-ray methods for detecting 
and characterizing orystalline species and these are 
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disoussed in Chapter VIII. 
During investigation of glass formation in the 
Mg-Si-AI-O-N system a phase isostruotural with 
~-Si3N4 but oontaining substantial amounts of 
magnesium was disoovered; Chapter IX desoribes the 
preparation of the phase by devitrifioation of glasses 
with metal:non-metal atom ratios 3M:4X. 
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v. Experimental Methods 
V.1 Materials specifications 
The analyses of the nitrides and alumina powders 
are given in Table V.1. Silioon nitride was most 
frequently used as a starting nitride although some 
oompositions were made up using aluminium nitride or a 
mixture of both AlN and Si,N4 • Adjustments in 
compositional caloulations were made to take into 
account the surface oxide i.e. 4 w/o silica on the 
and 6 w/o alumina on the A1N 
Silica was in tbe form of crushed, fused quartz 
supplied by Thermal Syndicate Limited. 
Both MgO and CaC03 powders (BDH Chemicals 
Limited) and Nd30, (Ventron Limited) were calcined at 
80&-9000C to remove volatiles, carbon dioxide and 
chemically absorbed water respectively. 99.9% purity 
was obtained from Rare Earth Products. All 
materials were kept in a desiccator prior to use. 
V.2 Powder mixing 
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Weighed powders were usually mixed in a Glen-Creston 
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Table V.2 
Nitride and alumina powder specifications 
powder specifications X-ray 
and 
supplier particle impurities analysis size 
Si3N4 C, max 0.2 ./0 95% ex 0.85).Jm 
Starck-Berlin Fe, max 0.3 ./0 5% f3 
H.S. 130 Ca, Fe, Al, Si 88% 0< 
Si3N4 0.9 pm 0.8 W /0 total 10% f3 Joseph LucaB 2% Si2N2O 
high f3 -Si 3N 4 C -0.2w/o Al-0.5wfo 30% C>( 
50 jJm Fe-0.5w/o Ca-0.2wp 10% f3 A.M.E. ° -1.3w/ o 
AlN 4 pm i C, max 0.08 ./0 100% AIN 
starck-Berlin Fe,max 0.15 ./0 
J,15, A16 and 1JJm 
Na2O, max 0.1 ./0 100% 
J.11 Si02 , 0.05w/ o reactive max 
A1203 
Fe202 , max 0.03w/ o 0(- Al203 
Alcoa 
mill using an alumina ball and mill oapable of holding 
batohes from 5-25 grams. Contamination from the mill 
was negligible. Mixing was oarried out dry and times 
of 5-20 minutes were employed; the larger the batch, 
the longer the milling time. 5 g mixes were made for 
investigating glass formation and 20-25 g batches were 
used when firing bulk samples for property measurements. 
Mixing of large batches was also oarried out by 
plaoing the powder in 3" diameter polythene jars 
oontaining alumina balls and Vibro-milling for about 
two hours. 
V.3 High-temperature fusion methods 
(a) Tungsten resistance furnace 
Figure V.1 shows the schematio layout of the 
furnaoe. The hot-zone was 1-2 om long and oruoibles of 
not more than 2.5 om diameter oould be placed in the 
ooil, thus restrioting the furnaoe to the firing of 
small samples of less than 2 g. The power supply was 
from a low-voltage, high-ourrent transformer and the 
temperature was measured using an Ir-Ir:40w/oRh 
thermocouple whioh had been oalibrated against a 
Pt:6w/oRh-Pt:30w/oRh thermooouple plaoed temporarily 
in the hot-zone. Fast oooling rates oould be aohieved 
(~2500c/minute) sinoe the furnaoe had water-oooling 
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Figure V.1 The tungsten resistanoe furnaoe. 
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and a low thermal mass. Prior to heating, the furnace 
was evacuated and filled with nitrogen purified from 
oxygen and moisture by a zirconium getter operating 
o 
at 920 c. 
Samples were uniaxially compacted into pellets 
in a 1 cm diameter steel die with a pressure of 
-2 4000 p.s.i (21.6 MN m ). The surface was removed 
after pressing to avoid oontamination from the die. 
The weighed pellet (0.5-2.0 g) was introduced into 
either a 1.5 cm diam. x 2.5 om high alumina cruoible 
which had been lined with boron nitride powder, or 
placed in an isostatically pressed boron nitride 
orucible of similar dimensions. The pellet, after 
heat-treatment, was cleaned of adherent BN and 
re-weighed. 
(b) Molybdenum resistance furnace 
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The furnaoe arrangement is shown in Figure V.2. 
The element was made from molybdenum strip and had a 
4-5 cm hot-zone. The furnace had a fairly slow cooling 
rate because the distance between the water-cooled 
chamber and the element was large, and also the large 
number of reflector cylinders increased the thermal mass. 
o Fast cooling (greater than 250 C per minute) could be 
obtained by purging the furnace with nitrogen gas at the 
t'igure V.2 IilolybdenulIl resistance furnace. 
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end of a heat-treatment. Temperature meaeurement, and 
the power supply were the same as described above. The 
chamber was evacuated prior to use and then filled with 
nitrogen that had been passed through a gas purification 
train (Figure V.3). 
The 10-20 g of pre-mixed powder of each batch was 
( -2 isostatically pressed to 20,000 p.s.i. 138 MN m ) in a 
~ cm diameter rubber sleeve. Pre-weighed pieces were 
then packed into an isostatica11y pressed boron nitride 
crucible of 2.5 cm diameter x 5 cm high. 
The bulk glass, after fusing, was cleaned 
ultrasonically, re-weighed and weight losses were 
calculated. It was then annealed for 15 minutes in a 
standard tube muffle furnace after determining the 
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appropriate annealing temperature by differential thermal 
analysis (DTA). 
(c) Inductively-heated graphite furnace 
Figure V.4 shows the furnace layout. The 
graphite susceptor was inductively heated by a Radyne 
R150E radio-frequency generator with a maximum power of 
15 kW. Temperature was measured with a disappearing 
filament optical pyrometer accurate to + 200 C. 
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The isostatically pressed sample was fused in an 
alumina oruoible which had a lid to avoid excessive 
contact with the reducing environment. A temperature 
o 
of 1700 C could be aohieved in ;0-40 minutes from oold, 
or the sample could be introduced when the furnace was 
at the required temperature. 
The orucible was removed at the end of the fusion 
and the contents were either air-cooled in the cruoible, 
or were poured into a large graphite mould (as shown) 
if quenching was required. 
(d) Air-fusion methods 
The ~drogen-oxygen gas furnace illustrated 
in Figure V.5 was used to prepare oxide glasses by fusing 
pre-mixed powders in alumina cruoibles. Heating took 
o three hours from ambient to 1600 C, whereupon the sample 
was held at temperature for approximately two hours. 
The crucible was then removed and the melt poured into a 
pre-heated graphite mould and subsequently transferred 
to an annealing furnace. 
Oxide glasses were also prepared in large platinum 
crucibles in a standard high-temperature muffle furnace. 
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?igure V.5 The hydrogen-oxygen gas furnace. 
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V.4 Heat-treatment 
Devitrification experiments were carried out, under 
a nitrogen atmosphere, in a vertical tube muffle furnace 
as shown in Figure Vo6. Temperatures up to a maximum 
o 
of 1500 C obtained with a crucili~ element were measured 
with a Pt-Pt: 13w/oRh thermocouple with the specimen 
embedded in boron nitride powder inside an alumina 
crucible. The apparatus was evacuated, filled with 
purified nitrogen (see Figure V.3), and the sample was 
lowered and raised slowly into the furnace hot zone to 
avoid problems of thermal shock. 
V.5 X-ray methods 
X-ray powder methods were used to identify 
crystalline phases occurring during fusion or after 
devitrification. H~gg-Guinier focussing cameras were 
used with CuK0(1 radiation and a potassium chloride 
internal standard. 
v.6 Measurement of glass transition and crystallization 
temperatures 
It is well-established that an abrupt change in 
properties occurs in a glass at the glass transition 
temperature, e.g. thermal expansion coefficient, specific 
volume and specifio heat. It is reasonable to 
Figure v.6 The silicon carbide vertical tube 
muffle-furnace. 
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associate the glass transition on cooling with the 
slowing down of rearrangement in a glass structure. 
When rearrangement occurs rapidly the glass has the 
properties of a liquid, and when it is slow the structure 
is "frozen-in" and the glass behaves like a solid. The 
rate of structural rearrangement is closely associated 
with viscous flow and the glass transition temperature 
occurs at an approximate viscosity of 1013 poise. 
The glass transition (T ) can be detected by 
B 
differential thermal analysis (DTA). Since there is a 
change in specific heat at Tg , then the value of dH/dT 
will change and cause an endothermic drift in the ll. T 
traoe. The point on the trace which is the easiest to 
identify is the minimum point and roughly corresponds 
to the end of the transition range (Briggs, 1915). It 
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has been shown that this point corresponds to a viscosity 
of about 1011 poise (Yamamoto, 1965). 
DTA can also be used for obtaining the 
crystallization temperature (Tc) in a glass since it 
usually manifests itself as an exothermic peak. 
Crystallization can be extremely complicated and the 
mechanisms are still not fully understood. It is 
preceded by nuoleation which may occur on free surfaces, 
internal bubbles or heterogeneities in the glasso 
Impurities may be added to glass to act as nucleating 
l"igure v. 7 The differential thermal analyser 
(stanton-Redcroft 873-4). 
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agents as, for example, in the production of glass-
ceramics. Nucleation occurs just above the transition 
temperature whereas crystallization is usually a maximum 
at some much higher temperature (Doremus, 1913). 
The measurement of crystallization was obtained 
from the maximum point on the exothermic peak of the 
DTA trace. 
The equipment used was a stanton-Redcroft 813-4 
differential thermal analyser (see Figure V.1) which has 
a linear programmable temperature control. A heating 
and cooling rate of 10oC/minute was used throughout. 
Alumina crucibles were employed in preference to 
platinum ones since some reaction of nitrogen glasses 
occurs with the latter. BDH alumina powder was the 
reference material, and glasses were crushed and sieved 
to a particle size 0.10-0.25 mm. Purified nitrogen 
was passed through the apparatus to avoid oxidation. 
The glass sample was heated to just above the transition 
trough and then cooled to o 300-400 c below T , after g 
which it was again heated to above the crystallization 
temperature (To). 
V.1 Viscosity measurement 
The visoosity of a glass is one of its most 
important technological properties and determines the 
melting conditions, the temperature of working and 
annealing, the upper temperature of use and its 
devitrification characteristics. 
High viscosities can be measured by two well-
established techniques: 
(i) Fibre-elongation which requires flame drawing 
of the glass and measures the strain rate of a 
thin fibre under small tensile loads; 
(ii) three-point beam-bending of a simple geometrically-
shaped test-piece under an applied load and 
subsequent measurement of strain-rate (see 
Hagy, 1963). 
In the present work, viscosity of glasses was 
measured on a modified compressive creep apparatus. 
A schematic layout is shown in Figure V.S; the 
cylindrical specimens of glass machined to approximately 
5 mm diameter and 4-8 mm in length were placed between 
the reaction bonded silicon nitride plungers. The 
furnace was heated by a silicon carbide element operating 
at high power and employing the minimum thermal 
insulation so as to allow rapid heating and cooling of 
the furnace, thereby reducing the time between successive 
measurements. The required temperature was established 
and maintained for 30 minutes before testing to obtain 
Figure V.B The modified compressive-creep 
measuring apparatus used for 
viscosity evaluation. 
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WC -water cool ing 
--
~WC in 
thermal insulat ion 
SiC ---.---r-~--:-:-~ ..,,---.~~--...:....I - SPEC I MEN 
element : lthermocouPles 
base I I ~WC in ~ _ ••• r·.' .. _,. __ • ~_ 
equilibrium conditions. Loads of 1-10 kg were applied 
as shown, and the displacement was measured via a 
transducer coupled with a chart-recorder. Loading 
ceased once the specimen had deformed by 0.1 mm, and 
after allowing the furnace to 0001, the ohange in 
specimen dimensions were noted. The viscosity ( 1) ) 
was calculated using the formula 
m g L t 
where ID is the applied load (grams), 
-2) gravitational constant (981 dynes cm , 
poise 
g is the 
L is the 
original length (cm), t is the time of loading(s), 
r is the radius of the specimen (cm) and t:lL the 
change in length in time t. The unit of visoosity is 
the poise (grams per centimetre per second). 
As with ma~ transport properties, viscosity fits 
an Arrhenius-type equation 
-
where E and tl are temperature independent 
'10 
coefficients called the apparent activation energy and 
the pre-exponential constant, respectively. Viscosity 
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is therefore usually presented as a logarithmic plot 
versus reciprocal temperature. 
Figure V.9 shows there is good agreement between 
the viscosities of Spectrosil (synthetic vitreous 
silica) measured by this present method and the 
original data reported by Hetherington et al. (1964) 
obtained using a fibre-elongation technique. 
V.8 Refractive index measurement 
Electromagnetic radiation travels "in vaouo" 
t t 1 . t 3 1010 -1 with cons an ve oc~ y. c. x ms. In a 
material media it travels with a slower velocity (v) 
where 
v· c/n 
and the frequency dependant constant n is the 
refractive index. Liquids and solids have values 
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of n in the range 1.3 to 2.1. Glasses are optically 
isotropic and the value of n is important in optics 
since it is related to the refraction of light. 
It can be shown that there is a direct relationship 
between refractive index (n) and the dielectric constant 
( E) of a material and for an isotropic medium 
Figure V.9 Comparative viscosity data for Spectrosil, 
measured in compression (bold line), and 
by the fibre-elongation technique 
(after Hethcrington et al., 1964). 
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The "immersion technique" was employed for the 
measurement of refractive index and involves the matohing 
of the refraotive index of the orushed material with that 
of organic liquid mixtures of known n. The 
refractive index of the liquid can then be measured 
on a standard refractometer. 
An Abb~ refractometer was used for values of 
up to 1.70 and higher values (1.70-1.90) were 
obtained from a Leitz-Jelley instrument. 
V.9 Microscopy 
Specimens were mounted in bakelite and ground 
and polished to 1 pm finish using silicon carbide 
paper and diamond impregnated laps. Samples were 
etched with a dilute solution of hydrofluoric acid. 
(a) Optical microscopy 
Samples were examined on a Reichart MeF2 
microscope and micrographs were taken either on rlat-
plates or with a 35 mm camera attachment. 
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(b) Scanning electron-microscopy and electron-
probe microanalysis 
40 
Examination of specimen surfaces at higher 
magnification was carried out using a Cambridge Stereoscan 
600 scanning electron-microscope. Samples were carbon 
coated to reduce charging by the electron beam and 
were earthed to the specimen holder. 
Some well-characterized specimens were analysed 
using a Cameca "Camebax" electron-probe microanalyser 
at the United Kingdom Atomic Energy Authority 
Establishment, Harwell. The "Camebax", equipped with 
two wavelength-dispersive spectrometers, is sufficiently 
sensitive to give semi-quantitative X-ray analysis for 
oxygen and nitrogen in addition to energy-dispersive 
analysis of three or more heavy elements. Standardization 
using internal standards, correotion for background and 
comparison of energy-dispersive spectrum with standard 
element spectra are carried out automatically. The 
ZAF corrections were performed on the heavy elements 
assuming the rest of the sample to be oxygen. 
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VI. Nitrogen Glass Formation 
VI.1 Introduction 
Exploration of glass formation was by study of 
oompositions on planes with oonstant N:O ratio within 
the Jlnecke prism for the M-Si-Al-O-N systems and by 
examination of the appropriate faces of the prism in 
the case of the M-Si-O-N or Si-Al-O-N glasses (see 
Chapter 111.8). Mixes were prepared from the powders 
as described in Chapter V and the oompositions 
investigated are shown as solid oircles on the behaviour 
diagrams whioh follow. Fusion was oarried out in the 
tungsten resistanoe furnace at 16000 or 11000 C for 
one hour. 
Si-Al-O-N compositions were fused in either the 
o tungsten resistance furnace at 1100 C when slow-cooling 
was required, or in the inductively-heated graphite 
furnace if higher temperatures or quenching were 
necessary. Various firing temperatures in the range 
11000-18500C were employed in the latter case. 
VI.2 The Mg-Si-Al-O-N system 
The glass region on the 14 e/o nitrogen plane 
after firing at 16000 c is quite small and nitrogen 
solubility is fairly limited (see Figure VI.1(a». 
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One of the residual crystalline products on the periphery 
of the glass region was ()(-Si3N4 implying that reaction 
had been incomplete. It was observed that the glass 
region also followed the liquidus valley since peripheral 
compositions had not entirely melted at this temperature. 
Increasing the firing temperature to 11000 C 
extends the glass region dramatically and the peripheral 
crystalline phases did not contain any unreacted 
starting material. Similarly, the glass region on the 
11 e/o nitrogen plane also increases in area by about 
five times on raising the firing temperature from 16000 
to 11000 C (see Figure VIo1(b». In both cases the 
peripheral oompositions, which contained some crystalline 
phases, had all been substantially liquid at the higher 
temperature. 
It is olear that firing temperature is important 
in the inoorporation of nitrogen in the glasses. 
However, raising the temperature from 1600° to 11000 C 
increased the weight-losses from 2-3 w/o up to 
4-6 w/o and at temperatures in excess of 11500 C 
weight-losses were as high as 10 w/o. The nature of 
the volatiles was not ascertained since the use of a 
"cold-finger" revealed only an amorphous produot either 
Figure VIo 1 The ;{J8-Si-Al-O-N glass-forming region 
at 16000 and nOoOe on: 
Ca) the 14 e/o nitrogen plane 
(b) the 17 e/o nitroger. plane 
Major crystalline 
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F - Forsterite 
5- Spinel 
O-Si 2N 2 0 
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b -------,- 0 
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• I _ 
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) 0 t -... " • X+ S+M ~'-!.-.< 3Si4+ y y'. ' 4Al3+ 
Major crystal! i ne 
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0- Si 2N20 
(b) 
Mg-Si-Al-O-N 
system 
ver tical plane 
17elo N 
Glass format ion 
at: 
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yellow-white or sometimes light-brown in colour. 
other work at Newcastle and elsewhere suggests that 
they must be silicon monoxide (SiO) and nitrogen 
produced by the reaction: 
6SiO t + 
Volatile MB}N2 may also be lost (Ke1en & Mulfinger, 
1968) according to the reaction proposed by Perera (1916), 
+ 121180 + 
~oth reaotions involve the loss of nitrogeno Since 
weight losses were high above 11500 C and melting and 
reaction incomplete below 16500 C, then a firing 
temperature of 11000 C was employed for all subsequent 
investigations. 
The oxide glass region in the Mg-Si-A1-0 system 
reported by McMillan (1964) is illustrated in Figure 
VI.2(a), and comparison with Figure VI.2(b) shows that 
10 e/o (4 a/o) of nitrogen substitution increases the 
area of glass formation significantly and even extends 
it to the silicon-magnesium join on the behaviour diagram. 
With 10 e/o N, homogeneous glasses near and on the 
Si-A1-0-N basal plane were not obtained under slow 
oooling conditions (250°C/minute). A frothy. 
- - - solidus 170QoC 
Major crystalline 
phases: 
F - Forster i te 
S - Spinel 
X- X-phase 
M - Mullite .. -...-: , t- , ...... 
..... 
\ 
\ 
-
\ 
t"e e F·S:::-..... + ........... e- ... 
/' e " 
Am- amorphous e- e G 
bloated ~ \ 
-
(a) 
Mg-Si-Al-O 
system 
G -glass format ion 
(b) 
Mg-Si-Al-O-N 
system 
vert ical plane 
1 De/oN 
-
G - glass format ion 
170QoC 
product ~- ',. e e 4+~~ _:-et~ .. ~-6< + M 3 3Si ·~~~~~~4Al + 
amorphous product was obtained with 90 e/o silicon 
but weight losses were high and the stability of such 
glasses is questionable (see later). 
The glass-forming regions at 17000 C on the 
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14 e/o and 17 e/o nitrogen planes have been discussed 
previously and as shown in Figure VI.1(a) & (b) the size 
of vitreous region oontracts above 10 e/o N addition. 
The 22 e/o nitrogen plane (see Figure VI.3(a)) shows 
the area of glass formation to be very small and it 
passes through the 3M:4X (metal:non-metal) plane. 
~u A pbase designated as 1-' -magnesium sialon was found 
in peripheral compositions either on or below the 3:4 
plane and its nature and the composition are discussed 
in Chapter IX. 
The glass-forming regions for 0, 10 and 22 e/o N 
are shown superimposed on each other in Figure VI.3(b). 
The immediate observation is that the glass region in 
this system initially expands and then contracts in 
size resulting in it moving away from the silicon 
corner of the diagram towards magnesium. 
e/o 
a/o 
The glass composition with 22 e/o N 
Si 
57 
17.6 
Al o 
78 
49.0 
N 
22 
Major crystalline 
phases: 
F - Forsteri te 
~'-f3~tJ.g sialon 
f3 -f3 -Si 3 NI. 
Gloss format ion 
1700oC: 
-
-'-
o e/oN 
10 " 
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3Si 
r.S:. 
", ... ~ ,,-.-. fJ+f3 -. __ . 
-
(a) 
Mg-Si-Al- O-N 
system 
vert ical plane 
22e/oN 
G - glass format ion 
1700°C 
(b) 
Mg-Si-Al-O-N 
system 
4A13+ 
contains more magnesium than silicon plus aluminium 
and so the 1:1 ratio of modifier: ne twork-former 
discussed in Chapter 11 is exceeded. . It is probable 
that some magnesium enters the network in order to 
maintain the glass structure. McMillan (1964) 
proposed that this might occur because the field 
strength of the magnesium ion is quite high and closer 
to that of an "intermediate oxide" cation. Nitrogen 
also facilitates the change in the role of magnesium 
because although it is usually octahedrally coordinated 
by oxygen, it is always tetrahedrally coordinated in 
nitrides and so, presumably, also in nitrogen glasses. 
The limit of glass formation in the Mg-Si-AI-O-N 
system is 25 e/o N (10.3 a/o) and corresponds to a 
composition Ms22.9Si16.7Al3.7046.4N10.3 which 
is a replacement of one in 5·5 o~ygens by nitrogen. 
A three-dimensional representation of the glass-forming 
region is illustrated in Figure VI.4, and shows how the 
glass region passes through the }M:4X plane. 
Loehman (1979) has carried out preliminary 
investigations of glass formation in this system and 
he predicted a fairly wide glass region, although 
only a limited number of compositions were examined 
and no systematic approach was adopted. 
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Figure VIo5 shows the homogeneous glass-forming 
region on the Mg-Si-O-N faoe of the J~neoke prism at 
o 1700 c. Vitrifioation-did not give a-homogeneous glass 
below 16500 C, but a phase-separated, unoonsolidated 
amorphous produot was obtained. The glass region 
is nearer the enstatite/forsterite oomposition than 
reported by Perera (1976). Weight losses within the 
glass region were about 2 w/o and eleotron-probe 
mioroanalysis indioated the oomposition of the starting 
mix and the resultant glass were extremely olose: 
~ Si 0 N 
starting 18.6 21.7 55.6 4.1 oomposition 
average EPMA 18.8 21.5 55.7 4.0 
results 
Small weight losses are oonsistent with the loss of 
SiO and N2 as disoussed previously. 
The glass region shown in Figure VI.5 must 
therefore be oorreot and is appreoiably different in 
oomposition to that reported by Perera (1976) and 
shown in Figure II1.3. The disorepanoy might be 
attributed to the high weight losses (10 w/o) that 
Perera enoountered during his work. If the 
compositions had lost silioon as silioon monoxide, 
then the glasses would have been more magnesium-rioh 
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F'igure VIo 5 'l'he I.Jg-Si-O-N glass-forming 
region at 1700oC. 
2MgSi03 
Mg-Si-O-N system 
17000 C 
G - Glass forming region 
L - region of 2 liquids-amorphous product 
Major crystal! ine phases: 
C - Cristobalite E - Enstotite 
F - Forsterite 0 - sit icon oxtnitride 
a - amorphous product+Si~20 (2- phose) 
than indicated and closer in composition to the vitreous 
region shown in the present work. Loehman (1979) 
also reports a Mg-Si-O-N glass region close to the 
eutectic composition in good agreement with the present 
findings. 
VI.4 The Y-Si-Al-O-N system 
An optimum firing temperature of was 
used when investigating the Y-Si-Al-O-N system. The 
oxide glass region (expressed in equivalents) is 
reproduced from Makishima (1978). 
The area of glass formation increases with 
increasing nitrogen concentration up to approximately 
10 e/o No Comparison of Figure VIo6(a) (0 e/o N) and 
Figure VIo6(b) (10 e/o N) indicates the nature of the 
expansion, whereas an further nitrogen incorporation the 
area of glass formation contracts as shown in Figure 
VI.1(a) (16 e/o N) and Figure VI.1(b) (20 e/o N) 
and is reduced dramatically at 22 e/o N addition 
(see Figure VI.8Ca». Maximum nitrogen incorporation 
is between 25 and 28 e/o N (11-12.5 a/o) and 
corresponds to a composition Y16Si1}A111048N12 ' 
that is, one in five oxygen atoms are replaced by 
nitrogeno 
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It'igure '11 0 6 The Y-Si-Al-O-N glass-forming 
regions on: 
(a) the 0 e/o nitrogen plane 
(after Makishima, 1978) 
(b) the 10 e/o nitrogen pIe,ne (17 ClO OC). 
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Amorphous products in the Y-Si-O-N system were 
obtained on the 10 and 20 e/o nitrogen planes but 
with different Y:Si ratios (see Figures VI.6(b) and 
VI.1(b)), but no -glasses were formed on the 16 e/o 
nitrogen plane (Figure VI.1(a)). 
The Y-Si-O-N glasses observed were phase-
separated and invariably bloated, being full of large 
bubbles. The use of alumina crucibles coated with 
boron nitride powder for firing Y-Si-O-N compositions 
containing 20 e/o N gave bloating followed by 
consolidation, whereas if isostatically pressed boron 
nitride crucibles were employed no consolidation and 
only bloating was observed. Since the top of the 
alumina crucibles was not entirely coated with boron 
nitride powder, the rising fusion mixture probably 
reacted with some alumina to reduce its viscosity and 
melting point and so release gas bubbles resulting 
in homogeneous glass formation. 
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High weight losses were observed in all Y-Si-O-N 
compositions. The mixes with 20 e/o N often gave 
losses higher than 10 w/o and a yellow/brown amorphous 
deposit, assumed to be SiO and formed as previously 
discussed, was found in the furnaoe. Even in the 
presence of aluminium, weight losses (2-5 w/o) were 
high on this nitrogen plane whereas other Y~Si-AI-O-N 
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oompositions showed much lower weight losses, 
approximately 0.5-2 w/o. No explanation can 
be given for these observations. 
A three dimensional representation of the complete 
Y-Si-Al-O-N glass region is shown in Figure VI.9 and 
a superimposed picture of glass formation on the 
0, 10 and 22 e/o nitrogen planes in Figure VI.8(b) 
illustrates how the glass region changes on addition 
of nitrogen. It is apparent that nitrogen incorporation 
produces similar effects in both the magnesium and 
yttrium sialon glass systems. The expansion at 
10 e/o N is not as great with yttrium as with magnesium, 
but the maximum nitrogen solubility is higher. 
Compositions on the 22 e/o nitrogen plane 
(Figure VI.8(a)) with high silicon contents showed 
peripheral crystalline phases of either f3-Si 3N4 or , 
~ -sialon, depending on the aluminium content, in 
conjunction with substantial amounts of glass. It is 
clear that C<-Si3N4 
forms during firing to 
(in the starting batch) trans-
I 
precipitate f3 or f3 from the 
liquid and so provides further evidence that the 0<-/3 
I 
(or)3 ) transformation is a solution-precipitation 
reaction requiring the presence of a liquid. 
Loehman (1978, 1979) describes a fairly large 
glass-forming region in the Y203 - Si02 - AIN sub-
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system, but he was unable to form stable Y-Si-O-N 
glasses. As discussed in Chapter III it is clear that 
the complete investigation Bf any M~Si-AI-O-N system 
cannot be carried out effectively by the study of more 
restricted sub-systems. It is probably fortuitous that 
Loehman was able to produce glasses with up to 
7.5 a/o N in his investigation. 
V1.5 The Si-AI-O-N system 
The liquid region in the Si-AI-O-N system is 
quite extensive at 17000 C (see Figure 111.2) and 
glasses have been obtained from compositions within 
these composition limits (Roebuck, 1978). In the 
present work such glasses are shown to be more than 
, 
usually unstable because it was necessary to quench 
the liquid at cooling rates greater than 5000C/minute 
to obtain a completely vitreous product. However, it 
is proposed that under such conditions glass formation 
occurs within the area shown in Figure VI.10. The 
liquid close to the X-phase composition was very fluid 
(qualitative observation) and, as expected, the 
viscosity of the liquid at any given temperature 
increased as the composition approached the Si
3
0 6 
corner. However, weight losses also increased and 
were attributed to SiO volatilisation caused by 
contact with the reducing environment of the 
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Figure VI.10 The Si-AI-O-N system: glass formation 
at 1700o-1850oC under fast-cooling 
conditions ( > 500°C/minute). 
Si-Al-O-N system 
G-glass formation (quenching) 
Si 3 0 6 mUllite AII.06 --~--~~---~~-----~--~~~ 
- .... 
All. N I. 
inductively-heated graphite furnace. 
The above compositions examined under slower 
cooling conditions in the same furnace gave different 
proportions of the following: X-phase, mullite, 
Si2N20 and cristobalite plus some glassy phase. 
Compositions fired in the tungsten resistance furnace 
at 17000 C did not vitrify although some had been 
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liquid at temperature. An exception was a high silicon, 
low nitrogen mix (Si,oA14D5061N4.5) which gave an 
amorphous, but bloated product, with about 7 w/o 108s, 
and probably contained very little nitrogen. 
It is clear that bulk, homogeneous glasses in 
the Si-Al-O-N system are not very stable and do Dot 
form by conventional fusion and relatively slow cooling 
methods. 
VI.6 other glass-forming systems 
Glass formation occurs in a variety of other 
M-Si-AI-O-N systems where oxide vitreous regions are 
already known to exist (Hampshire, 1979). In 
particular calcium sialon glasses are of interest 
since they occur as a second phase during the 
I 
production of ~sialons (Hampshire et al., 1978). 
Also, calcium is often a major impurity in the 
grain-boundary glasses of sintered nitrogen ceramics. 
Figures VI·.· 11 (a) and (b) show glass formation on the 
20 e/o and 25 e/o nitrogen planes (see Hampshire, 
1979). The maximum nitrogen incorporation is about 
26 e/o N (11 a/o) corresponding to a oomposition 
ca18Si18A16047N11 ' and is of the same order as reported 
for both yttrium and magnesium sialon glasses. 
The Ca-Si-O-N glass region is shown in Figure 
VI.12 (see Hampshire, 1979) and is very similar in size 
and oomposition to that of the Mg-Si-O-N system. 
It is suggested that a similar expansion of the 
glass-forming region occurs in the Ca-Si-Al-O-N system 
as was discussed previously for both the magnesium and 
yttrium systems. 
Lang et al. (1979) obtained glassy phases at 
13500 C in the lanthanide-sialon system with the general 
composition 50-60 m/o Si02 , 10-15 m/o Ln203 and 
30-40 m/o A1N. Glasses have been prepared (Spacie, 
1980) in the Nd-Si-Al-O-N system with a cation ratio 
of 28 e/o Nd : 56 e/o Si 16 e/o Al and up to 25 e/o 
nitrogen incorporation. It is suggested that glass 
formation in the neodyndum system is similar to that of 
the yttrium system since both are trivalent and close 
to each other in the Periodic System. 
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Figure VT.11 The Ca-Si-Al-O-N glass-forming regions 
on: 
(a) the 20 e/o nitrogen plane 
(1600° and 1700oc) 
(b) the 25 e/o nitrogen plane 
(17000C ) 
(after Hampshire, 1979). 
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Fieure VI.12 The Ca-Si-O-N glass-forming region 
at 11000 C (after Hampshire, 1919). 
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Conclusions 
The.amount of nitrogen that can be incorporated 
in M-Si-Al-O-N glasses is in the range 10·3-12·5 a/o 
which corresponds to a replacement of oxygen by 
nitrogen of about one atom in five. The cation 
composition of the highest nitrogen-containing glasses 
is variable and depends on the particular system. 
The glass regions generally increase in area on 
addition of about 10 e/o N (~4 a/o) and on further 
Bubstitution the area diminishes in size until no 
further substitution of nitrogen for oxygen can be 
made in the glass structure. It is suggested that 
glass formation in the majority of M-Si-Al-O-N systems 
will follow the same pattern and that the maximum 
solubility will be of the same order. 
Mg-Si-O-N and Ca-Si-O-N glasses can be 
produoed reasonably easily. However, although there 
is extensive liquid formation in the Y-Si-O-N system, 
homogeneous Y-Si-O-N glasses ooour only when some 
impurity is present to lower the viscosity and melting 
point. 
Quenching is necessary to obtain homogeneous 
Si-Al-O-N glasses although some vitreous phase often 
forms in oonjunction with orystalline material when 
slower oooling is employed. 
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VII. Properties of Nitrogen Glasses 
VII.1 Introduction 
Property measurements were carried out on 
glasses in the magnesium, yttrium, calcium and 
neodynium sialon systems. A cation composition of 
28 e/o M : 56 e/o Si : 16 e/o Al was employed to 
enable comparisons to be made both within the particular 
M-Si-Al-O-N system and between individual systems when 
replacing oxygen by nitrogen. This cation composition 
will be subsequently referred to as the "standard 
cation composition". One oentral Mg-Si-O-N glass 
composition was also examined. 
(a) 
(b) 
(c) 
Properties investigated were: 
viscosity and glass transition temperature (Tg) 
crystallization temperature (T ) 
c 
optical properties, i.e. transmission in the UV 
and IR spectral regions and refractive index. 
Electrical properties were studied on selected 
magnesium and calcium glasses at Durham University and 
are discussed in an Appendix. 
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VII.2 Viscosity 
The change in glass transition temperature {Tg } 
for the tou~ sia10n glass systems are presented in 
Figures VII.1(a)&(b) and VII.2(a)&(b), and indicate 
an almost linear increase of T with nitrogen content. g 
The yttrium glass series shows a slight apparent 
deviation from linearity but this is probably due to 
uncertainties in the compositions of the glasses. 
Figure 111.3 shows that the value of Tg is increased 
in two ways: (i) by substituting nitrogen for oxygen, 
and (ii) by changing the modifying oation. 
The relationship between Tg and viscosity was 
discussed in Chapter V. Viscosity data for varying 
amounts of nitrogen incorporation in the four 
M-Si-Al-O-N glass systems are presented in Figures 
V11.4-7 inclusive. It is clear that there is a marked 
increase in viscosity with nitrogen content, which 
supports the observations of Elmer & Nordberg (1967) 
and Harding & Ryder (1970) that chemically dissolved 
nitrogen increases viscosity or softening point in 
glasses. 
Comparative plots of viscosity at constant N:O 
ratios of 10 and 18 e/o N but with different 
modifying cations are presented in Figures VII.8 and 9, 
respeotively. It is evident the highest vaiues of 
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Fie;u.re VII. 1 Variation of elass transition teQpe~ature 
CT ) with nitrogen concentration: g 
Ca) the Ca-Si-AI-O-N system 
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visoosity are obtained in the yttrium sialon glasses 
and the lowest for the magnesium glasses. The 
viscosity curves for both the neodyntum and calcium 
glasses are between these extremes. 
A Mg-Si-O-N glass of composition M818Si22056N4 
(i.e. with 10 e/o N) has a glass transition 
temperature of 8700 0; the viscosity data for the 
same glass are presented in Figure VII.10. The 
viscosity behaviour of this glass is similar to that 
of the highest nitrogen (18 e/o N) magnesium sialon 
glass which has an atomic oomposition 
Loehman (1978) reports increases in glass 
transition temperature with increasing nitrogen content 
for some Y-Si-AI-O-N glasses. His results were 
obtained from glasses of varying cation ratios which 
would themselves give different values of T since g 
the latter is very sensitive to the silioon oontento 
TWo directly oomparable compositions, however, without 
nitrogen and with 1.5 a/o nitrogen, indicated the same 
trend as reported in the present work. 
The lowering of visoosity of a glass on raising 
its temperature is a result of breaking primary bonds, 
thus enabling a greater mobility of the structural 
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Figure VII610 Variation of viscosity with 
tewperature for a ~~-Si-O-N 
glass of composition, 
ilg18~:ii22056N4 • 
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units in the material. The oovalent bonding of 
oxygen to silicon in a silicate involves the overlap 
of the lone-pair 2p electrons of oxygen with the ,d 
orbitals of silicon (Revesz, 1970). Nitrogen has 
three half-filled 2p orbitals available thuB providing 
an extra bond which could overlap with the ,d orbitals 
of silicon. lrulfinger (1966) proposed that the 
substitution of oxygen by nitrogen, 
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i.e. 6 Si - 0 - Si - + 4N ~4 - Si - N - Si - + 60 , 
I 
Si 
leads to higher ooordination of the non-metal atoms 
in the glass network and hence to more cross linking. 
Nitrogen can also become coordinated in this way with 
aluminium or other cations and the greater cross linking 
produces a more rigid network. The viscosity data 
substantiate such a proposal since nitrogen 
incorporation increases the glass transition temperature 
and viscosity in all systems. 
Crystallization temperature 
The results shown in Figures VII.11 and 12 were 
obtained from the maximum point on the crystallization 
peak of the DTA trace. The values of Tg and Tc for 
FigurE- VI - • 11 Variation of crystallization 
and glass transition temperature 
with nitrogen concentration in 
(a) the Jg-Si-AI-O-N system 
(b) the Y-Si-Al-O-N system. 
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both the magnesium and yttrium sialon g~seB are 
shown in Figures VII.11(a) and (b). Curves obtained 
for the neod~ and calcium sialon glasses are 
presented in Figures VII.12(a) and (b), and Figure 
VII.13 shows comparative data for all four systems. 
An interesting observation is that the magnesium and 
yttrium curves are parallel and there is an increase 
in T with nitrogen content whilst those of the 
c 
neodyndum and calcium glasses are more or less parallel 
and indicate only a small variation in T with 
c 
nitrogen concentration. 
There is a broadening in the orystallization 
peaks on nitrogen inoorporation in the oase of both 
the magnesium and yttrium glasses, whereas the peak 
shape remains the same for the neodyndum and calcium 
glasses. Figure VII.14 shows this effect for two 
y-Si-Al-O-N glasses (5 e/o Nand 18 e/o N) and 
Table VII.1 provides a more detailed analysis of the 
peaks, giving the temperature of the start of 
crystallization and the peak maximum (Tc ). The 
temperatures of the start of crystallization for each 
of the glass systems change only slightly with nitrogen 
ooncentration, and for each glass series, these 
temperatures are probably the same, within experimental 
error, particularly considering the accuracy of the DTA 
teohnique. The peak maxima (T ) shown for glasses of o 
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Figure VII.13 Comparison of crystallization 
temperature eT ) with nitrogen 
c 
concentration for the Y, Nd, Ca 
and ~,1cl sialon glasses. 
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Table VII.1 
Analysis of the c~yallization peaks (28M 56Si 16Al) 
e/o N start of peak 
peak (oC) maximum (oC) 
0 1035 1110 
Y 5 1110 1115 
10 1110 1184 
18 1110 1285 
0 975 1035 
10 1030 1115 
18 1030 1200 
0 1030 1120 
Ca 10 915 1090 
18 1030 1105 
0 1020 1170 
Nd 5 1070 1184 
10 1040 1135 
20 1070 1200 
all four systeQs in Figure VII.13 indicate that the 
values of T for the magnesium and yttrium glasses 
c 
increase appreciably with nitrogen concentration, 
whereas there are only small changes in T with nitrogen 
c 
incorporation in the case of the neodynnum and calcium 
glasses. Without a more detailed study of crystal 
growth kinetics using hot stage microBcopy to 
determine crystal growth rates (see Briggs & Carruthers, 
1976), it is not possible to suggest a plausible 
explanation for the above observations. 
The crystallization temperature (T ) should 
c 
increase when there is a corresponding increase in 
viscosity because devitrifioation is related to 
structural mobility whioh is governed by viscosity. 
However, some of the present observations on neodynaum 
and calcium glasses are not in acoordance with this 
generalization. As discussed in Chapter 11, 
crystallization is always preceded by nucleation and 
it is suggested that impurities introduced during 
fabrication of the glasses, in particular from the 
silicon and aluminium nitrides, might aot as nucleation 
sites and aid the devitrification process and override 
the effect of any increase in viSCOSity. Chyung et al. 
(1978) discuss -self-nucleation" in oxynitride glass-
ceramics, and note that it is unnecessary to add 
nucleating agents to facilitate the devitrification 
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process. 
Devitrification is extremely complicated in most 
glass systems (Doremus, 1973) and is still not fully 
understood. It depends not only on viscosity, but also 
on glass-stability, nucleation behaviour and the phase-
relationships of the final crystalline products. It 
cannot, therefore, be concluded that nitrogen 
substituting for oxygen in glasses always increases 
the crystallization temperature. 
VII.4 Optical properties 
VII.4.1 Introduction 
All glasses prepared were grey or 
bluish-grey, the coloration generally increasing with 
the amount of nitride added and varying slightly 
according to whether !IN or Si3N4 was used as a 
starting material; the former impaired optical 
transparency more than the latter. These observations 
imply that impurities or micro-heterogeneities cause 
the poor transparency rather than structural nitrogen. 
Figure VII.15 is a photograph of two nitrogen glasses, 
shaped and polished both as discs and small blocks, 
showing that they are reasonably transparent in thin 
section. The discs were used for measuring infra-red 
and ultra-violet transmission spectra while both the 
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Figure VII .15 Photograph of shaped and polished 
nitrogen glasses both of the "standard 
cation oomposition" (28M:56Si:16Al) 
and containing 18 e/o N: 
(i) a Ca-Si-Al-O-N glass 
(ii) a Mg-Si-Al-O-N glass. 
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blocks and the discs were used for electrical 
measurements. 
VII. 4. 2 Infra-red and ultra-violet transmission 
uv and IR transmission spectra were 
obtained on a Beckman DK2A ratio recording spectro-
photometer for 0 e/o and 18 e/o nitrogen glasses in 
the four systems studied. Typical spectra are shown 
in Figure VII.16 for glasses of the calcium sialon 
system. 
It is clear that near IR transmission was improved 
to some extent by the presence of nitrogen, and in 
particular there is an absence of the band at about 
2.7 fA m which corresponds to the Si-OH stretching 
frequency. These observations are attributed to the 
lowering of the concentration of "water" in the glass 
by reaction with Si;N4 during firing (Harding & Ryder, 
1970: 
2N i 
2 + + 
It is suggested that this reaction occurs during the 
firing of all glasses in the presence of hydrolysible 
nitrides. Elmer & Nordberg (1965) also noted a 
diminution or removal of the "water" absorption band 
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Figure VII.16 Transmission spectra of a calcium 
sialon glass (18 e/o) compared with 
those of the corresponding oxide 
6lass (28Ca:56Si:16Al) 
(a) the infra-red absorption spectra 
(b) the ultra-violet absorption spectra • 
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on nitriding glasses with ammonia. 
The UV spectra of the same glasses show that the 
inoorporation of nitrogen via nitrides impairs the UV 
transmission and brings the cut-off at ,...., 250 nm to-
even longer wavelengths. The effect is attributed 
partly to impurities in the glass but also must be a 
result of nitrogen incorporation as claimed by 
swarts (1968). 
Loehman (1979) blamed poor transmission in 
yttrium and magnesium sialon glasses upon impurities 
of boron and molybdenum picked up from crucibles, as 
well a8 on impure starting materials. 
Refractive index 
The results presented in Table VII.2 and 
Figure VII.17 demonstrate that there is a significant 
increase in refractive index Cn) 
replacement of oxygen by nitrogen. 
for all glasses with 
Although the cation 
content, and in particular the replacement of silicon 
by yttrium or neodynium, would affect the values of n, 
the cation ratio is maintained constant in these glasses 
to within + 0.25 a/o , so that the increases in 
refractive index are solely due to nitrogen and so 
~d be related to the nature of the nitrogen bonding 
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Figure VII.11 Comparison of refractive index (n) 
with nitrogen concentration for 
Nd, Y, Ca and Mg sialon glasse s 
(23hl:56Si : 16Al). 
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Table VII.2 
Variation of refractive index Cn) with nitrogen 
concentration for glasses of cation composition, 
28M : 56S1 : 16Al 
e/o li refractive index 
n 
0 1.702 
Nd 10 1.771 
20 1.815 
0 1.662 
Y 5 1.690 
10 1.717 
18 1.745 
0 1.609 
Ca 10 1.652 
18 1.686 
0 1.567 
5 '·592 
10 1.618 
14 1.632 
18 1.645 
in the glass structure. 
Loehman (1979) reported refractive indices of 
approximately 1·7 for yttrium sialon glasses, and a 
value as high as 1·76 (Jack, 1977a) has been obtained 
although no direct comparative measurements with 
corresponding oxide glasses have been carried out prior 
to the present work. The values now reported (see 
Table VII.2) for the high yttrium sialon glasses are 
much higher than any value of n reported by 
Makishima (1978) for their oxide equivalents, and show 
that nitrogen glasses might have interesting optical 
properties if their transparency can be improved by 
increasing their purity. 
VII.6 Conc Ius ions 
Nitrogen replacement of oxygen in glasses 
increases their viscosity and it is clear that nitrogen 
is chemically bonded in the glass structure. The 
presence of nitrogen causes changes in the optical 
transmission of the glasses and this, together with the 
increment in refractive index, provides conclusive 
evidence of nitrogen bonding. These changes in glass 
properties should be explored in more detail because 
of their possible teohnological exploitation. 
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The present measurements of viscosity of nitrogen 
glasses provide a better understanding of the behaviour 
of nitrogen ceramics at high temperatures because 
the grain-boundary glasses in such materials have 
compositions within the glass-forming regions of the 
systems discussed in Chapter VI. The highest viscosity 
nitrogen glasses are in the Y-Si-Al-O-N system and 
it is no coincidence that the best high temperature 
, 
properties of J3 -s1alon are obtained by using yttria 
as a densifying additive. 
Improved high-temperature strength can be achieved 
by producing a higher softening temperature grain-
boundary glass or by devitrification to form more 
refractory crystalline phases. It is not possible to 
obtain more refractory vitreous phases than siliCa 
which itself begins to soften above about 1150oc. 
Thus, the only practicable approach to property 
improvement of nitrogen ceramics at elevated temperatures 
must be by post-preparative heat-treatment to form 
crystalline phases or to incorporate, by chemical 
reaction, the vitreous or orystalline grain-boundar,y 
phases into the structure and finally obtaining a 
single phase material. 
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VIII. Devitrifioation ~---=:...-
~V~I~1~I~._1 __ ~D_e_v_1_t_rification of nitrogen glasses 
V II I. 1:....=-1.:...---.:;I;;..;.n.;...t_r_o_d.....;u.;...c:....t:....;i:....;0~n 
Dev1tr1ficat10n of selected glasses 
on the 14 e/o nitrogen plane of the Mg-Si-AI-O-N 
system and on the ,6 e/o nitrogen plane of the 
Y-Si-Al-O-N system was studied. 
other glasses of the "standard cation 
composition" (see Chapter VII.') were devitrified at 
their appropriate orystallization temperature as 
determined by DTA (see Chapter VII.}). 
All devitrifioation experiments were oarried 
out under a purified nitrogen atmosphere and orystalline 
phases were identified by X-ray diffraction. 
VI II. 1.2 Mg-Si-AI-O-N glasses 
Devitrifioation of glasses on the 
14 e/o nitrogen plane at o 1210 C for 20 hours gave the 
crystalline phases shown by Figure VIII.1. The 
predominant nitrogen-oontaining phase observedwas the 
ao-oalled "N-phase" (Ms2SiAl04N) (see later). 
C - cordierite 
CI- clinoenstati te 
E - enstatite 
F - forsteri te 
N- N-phase 
I y 
35i'+ 
6Mg2+ 
y y y y v 
Mg-Si-Al-O-N 
system 
14elo N 
Oevitrification phases 
o 1270 C , 20 hours 
y V Y \ 
4A1 3+ 
other oxynitride phases identified were Si2N20, 
X-phase and spinel (Perera, 1976). Cristobalite was 
frequently present in varying proportions. 
Devitrified samples containing only small amounts 
of aluminium near the Mg-Si-O-N face showed only 
enstatite (MgSiO}), forsterite (M82Si04 ) and Si2N20. 
It is assumed that the small amount of aluminium present 
in the original glass must have been incorporated in 
the Si2N20 phase on crystallization, as discussed in 
Chapter III (see Jaok, 1973). 
Mg-Si-O-N glasses did not completely devitrify 
at this temperature, but at 13500 0 the crystalline 
products were M82Si04 , MgSi03 and Si2N20 as 
expected from the behaviour diagram. The proport ion 
of Mg2Si04 increased with increasing nitrogen content 
for the same Mg:Si ratio, and correspondingly the 
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amount of MgSi03 
was reduced. This is not unexpected 
because more silicon is required to form Si2N2O and 
adjustments in the proportion of M82Si04 and MgSi03 
are then necessary to maintain a material balance. 
Glasses of the "standard cation composition" 
(28 e/o Mg : 56 e/o si : 16 e/o AI) were heat-treated 
for 20 hours at their appropriate crystallization 
temperatures. The nitrogen glasses gave different 
proportions of forsterite, enstatite and N-phase with 
only traces of cordierite. The highest nitrogen-
containing glass (18 e/o N) produced more N-phase and 
forsterite and less enstatite than the 10 e/o 
nitrogen glass. The devitrification product of the 
oxide glass contained no N-phase and only cordierite, 
forsterite and enstatite. 
N-phase can best be described as "nitrogen-
petalite tl (Perera, 1976) because its X-ray diffraction 
pattern is similar to that of natural petalite 
Its assumed composition, M82SiAl04N, 
corresponds well with the phase assemblage obtained 
after complete devitrification of the nitrogen glasses 
described above. A magnesium-petalite has been 
observed as a metastable devitrification product in 
cordierite glasses (Schreyer & Sch~, 1961; 
Holmquist, 1963; Barry et al., 1978) with a reported 
composition near MgA1 2Si 3010 which is quite different 
to that of N-phase and it is concluded that the two 
are quite separate and distinot phases although they 
are probably isostructural. 
Scanning electron micrographs of the devitrified 
glasses show how the morphology ohanges as the phase 
assemblage alters and is particularly noticeable When 
comparing Figure VIII.2(a) with Figure VIII.2(b). 
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Figure VIII.2 Scanning electron micrographs of 
devitrified 1~-Si-AI-O-N glasses 
(28M8:56Si : 16AI) 
(a) o e/o N 
(b) 10 e/o N 
(c) 18 e/o N. 
(a) 
( b) 
( c) 
Figure Vlllo2(o) is the 18 e/o nitrogen glass after 
only 2 hours heat-treatment and crystallization is 
evidently not oomplete although X-ray diffraction 
shows the same phases as found on complete 
devitrification (N-phase, forsterite and enstatite). 
VIII.1.3 Y-Si-AI-O-N glasses 
Devitrification products of glasses on 
the 16 e/o nitrogen plane after 20 hours at 12700C 
are shown in Figure VIII.3. Nitrogen-containing phases 
I 
are f3 -sia10n, X-phase and Si2N20. The yttrium-
aluminium garnet (YAG) may also contain some nitrogen 
as slight changes in d-spacings from the pure oxide 
are observed. Lewis et al. (1980a) reported that 
silicon can substitute for aluminium in Y3Al 50 12 and 
concluded that nitrogen must also be present to maintain 
the charge balance. "C-phase" is close in composition 
to 'y'-Y Si 0 and may contain some aluminium and 227 
possibly nitrogen (Rae & Jack, 1976). 
Compositions close to the Y-Si-O-N face did not 
give any aluminium-containing phases although it is 
likely that aluminium is substituted in Si2N20 as 
discussed in the previous section. 
Glasses of the "standard cation composition" 
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Figure VII I It 3 Devitrification products of glasses in the 
Y-Si-Al-o-n system on the 16 e/o nitrogen plane 
o 
after treatment at 1270 C for 20 hours. 
YS - J3-Y2Si207 
, , J3 - ~-siolon 
YAG- Y3 A1 50'2 
C - C - phase 
o - Si2N20 
X - X-phase 
4 y3+ 
Y -Si-Al-O-N 
system 
16eloN 
Oevitrif icot ion products 
o 1270 C I 20 hours 
4+ I v y y y v y y v Y \ 3+ 
3 Si 4AI 
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containing 0, 10 and 18 e/o nitrogen that were 
devitrified near their crystallization temperatures 
gave different crystalline products. All the 
devitrified glasses contained Y2Si207 in various 
modifications (Rae, 1976). The oxide glass devitrified 
, 
to give mu11ite as the aluminium-containing phase. 
Both the 10 e/o N and the 18 e/o N glasses formed 
yttrium-aluminium garnet on heat-treatment, and the 
18 e/o nitrogen glass contained another nitrogen-phase, 
Figure VIII.4 shows the scanning electron 
micrographs of the crystallized glasses. The 
devitrified oxide glass had an extremely fine structure 
(Figure VIII.4(a)) and Figure VIII.4(b) shows fairly 
integrated, but simple lath-like or sometimes spherulitic 
crystal lites on addition of 10 e/o nitrogen. Figure 
VIII.4(c) indicates how the 18 e/o nitrogen glass 
devitrifies to a more complex morphology; the dark 
needles are Si2N20 since they are not present in the 
10 e/o nitrogen glass. 
VIII.1.4 Ca-Si-A1-0-N glasses 
Both the oxide and nitrogen glasses 
devitrified to different proportions of geh1enite and 
wo11astinite; Si2N20 was also present in the low 
aluminium, high silicon and nitrogen-containing glasses. 
Figure VIII.4 Soanning eleotron micrographs of 
devitrified Y-Si-AI-O-N glasses 
(28Y:56Si:16Al) 
(a.) 0 e/o N 
(b) 10 e/o N 
(c) 18 e/o N. 
~ (b) 
~, (c) 
Gehlenite is a member of the melilite series of 
silicates. 
is isostructural with gehlenite and forms a solid-
solution with it. The incorporation of nitrogen in 
the gehlenite structure according to the formula 
ca2(SiAl)3(O,N)7 is not surprising and electron-probe 
microanalysis showed this to occur (Hampshire, 1979). 
Nitrogen-gehlenite is formed on devitrification of 
Ca-Si-AI-O-N glasses and must have a fairly wide range 
of homogeneity. 
The scanning electron micrographs in Figure VIII.5 
show that the crystalline morphology of Ca-Si-Al-O-N 
glasses of the standard cation composition does not 
change much with nitrogen substitution since the same 
phases are present in both. 
VIII.2 Devitrification of vitreous phases present in 
sintered nitrogen ceramics 
Vlllo2.1 Introduction 
The addition of oxides such as 
and to 
I 
and /3 -sialons is necessary ~O 
for liquid-phase formation during pressureless sintering 
or hot-pressing. The liquid coats the surface of the 
grains (Drew & LeWis, 1974; Lewis et al., 1977) and 
allows the transport of material, necessary for 
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Figure VIII.5 Soanning eleotronmicrographs of 
.de~itrified Ca-Si-Al-O-N glasses 
(28Ca:5 6Si :16Al) 
(a) 10 e/o N 
(b) 18 e/o N. 
( a) 
, 
10}J 
densification, by diffusion through the liquid; 
O<-Si3N4 dissolves and f3 or 13' -sialon is 
precipitated so that phase transformation also occurs 
during densification (Hampshire, 1980). However the 
oxynitride liquid cools to form a grain-boundary glass 
which impairs high-temperature strength, creep and 
oxidation resistance. 
The present work has investigated the vitreous 
regions occurring in some M-Si-Al-O-N and M-Si-O-N 
systems and clearly the glassy phases formed on cooling 
the densified materials must have compositions within 
the vitreous regions examined. Any complete under-
standing of the high-temperature properties of nitrogen 
ceramics must involve a study of the viscosity and 
devitrification characteristics of the bulk glasses in 
the appropriate M-Si-Al-O-N system (Jack, 1979). 
There has been little previous investigation of 
grain-boundary glasses in sintered nitrogen ceramics 
although recent work by Lewis et al. (1980a, b) and 
Krivanek et al. (1979) using transmission and scanning-
transmission e1ectron-microscopy made it possible to 
observe and analyse the grain-boundary phases. 
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Devitrifioation of the glasses gives some indication 
of their composition and thus should provide a clearer 
idea of how improvements in the high-temperature 
properties of nitrogen ceramics might be achieved. 
VIII.2.2 Results of heat-treatments 
Table VlIlo1 summarises the results of 
devitrification treatments on pressureless-sintered 
silicon nitride and /3' -sialon compositions with both 
magnesia and yttria as densifying additives. 
Si;N4 compositions containing MgO (1(a) and (b) 
illustrate that the grain-boundary glass crystallizes to 
give phases found on heat-treatment of bulk Mg-Si-O-N 
glasses, and it is clear that the grain-boundary 
vitreous phase must have contained substantial amounts 
of nitrogen since Si2N20 was a major devitrification 
product. 
A Y-Si-O-N glass must be formed when Y20; 
is used as an additive with Si;N4 and the composition 
is probably close to that of the Y-Si-O-N glasses 
discussed in Chapter VI. It is well-established that 
impurities accumulate in the grain-boundary phases 
(powell & Drew, 1974) and this may lead to greater 
stability because the bulk glasses were shown to be 
blOated and phase-separated. The devitrification 
products (2(a) and (b» depend upon the heat-
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Table VIII.1 Sintered material 
supplied by 
Post-preparative heat-treatment of sintered nitrogen-ceramics Dr. S. Hampshire 
starting 1 original post-sintering devitrifi- X -ray analys is 
No.! composition treatment X-ray analysis cation after devitrification time te~p. time temp., 
(h) (C' (h) (oC 
1a ISi3N4 + 5w/oMgO 0.5 
1680 f3 +Q(:Si~N4 20 1340 I forsterite, Si2N20, cristobalite 
b ! Si3N4 + 1Ow/oMgO 0.5 1650 - do - 20 1340 I - do -
2a I Si3N4 + 7W/ OY2 03 2.0 1600 f3 - Si3N4 20 1180 N-apatite, Y2Si207, cristobalite 
b 
- do - 0.75 1600 - do - 45 1250 Y2Si 05 , Si2N20, cristobalite 
3a 15Ow/OSi3N4,50w/OAl203 0.5 1680 
I 
75%/3 ,25%' X ' 65 1300 'X' + mullite 
1w/OMgO (z=2.5) 
, I 
b ! f3 z-3 + 5w/oMgO 0.5 1700 95% f3 (z-3) 65 11300 I 'X', mulli te, N-phase, 
2%AlN, 3%1 5R spinel 
I 
c J 53.9w/oSi3N4' 9.3w/o 0·5 1680 92%/3 (z-3) I 65 11300 IN-phase, spinel 
AlN, 31.6w/OAl203' 8%15R 
5.2W/OMgO 
- - , 
d/ 
- do - /1.5 I 1600 I 94%/3 (za 3) 20 1270 spinel, X-phase, mullite, 
2%0<, 2% AlN N-phase 
oontinued 
-.] 
\.11 
No. 
4a 
b 
c 
d 
Table VIII.1 (oontinued) 
Post-preparative heat-treatment of sintered nitrogen ceramics 
starting original post-sintering devitrifi- X-ray analysis 
composition treatment X-ray analysis cation after devitrification time temp. time te~p. 
Ch) _C oc1 Ch) C C) 
7Ow/oSi3N 4' 20w /OA12 03' 
, 
0.33 1650 95% f3 (z .. 1 • 5 ) 20 1270 yttrium-aluminium garnet (YAG) 
1 Ow/oY 203 3% /3' 2%0< + C-phase 
I . 
- do - 1. ° 1600 93% f3 ( z.,1 • 5 ) 65 1300 Y2Si207 , oristobalite 
, 
4%/3 ' 3%0< 
f3 z-3 mix + 0.5 1650 95%/3' (z~3) 65 1300 N-apatite, Y2Si207 
3. 8w/oY 203 4%15R, 1%AIN 
I 
85W/OSi3N4,5W/OA1203' 1.0 1600 98%/3 (~-1) 65 1300 Y2Si207 , YAG, cristobalite 
10w/OY203 2% 0< 
-
- --- --- .. -~--
---
-.l 
0'\ 
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treatment temperature and time because in 2(a) the 
phases were N-apatite (Rae, 1976) and Y2Si207 but 
in 2(b) these had evidently reacted together to form 
Assuming the original glass 
composition is the same in both cases it seems that 
and Si2N20 are the stable phase assemblage 
after treatment at this temperature and it is clear that 
the glass must contain nitrogen. 
I 
The phases found on de vi trifying f3 -sialon 
compositions sintered with MgO are similar to those 
found in devitrified Mg-Si-AI-O-N glasses; see 
Figure VIII.1. The appearance of mullite, X-phase and 
spinel suggest that the grain-boundary glass must have a 
high aluminium concentration. The proportion of 
magnesium-containing phases is directly related to the 
amount of MgO originally used. Lewis et al. (1980b) 
observed grain-boundary glasses only in their hot-pressed 
material and concluded that the majority of the magnesium 
I 
was incorporated in the glass and not in the J3 -phase. 
They also reported that increasing the MgO content led 
to more glass formation and consequently more A1203 was , 
incorporated in the glass and less in the f3 It is 
found in the present work that even the time and 
temperature of the original sintering treatment affected 
the glass composition and, on subsequent devitrification, 
the final crystalline phase assemblage. This can be 
clearly observed in 3(c) and (d) where the starting 
compositions are the same. 
, 
The ~ compositions sintered with Y203 show 
that t~ glass composition must vary greatly not only 
with the composition of the starting mix but also, as 
mentioned above, with the original firing treatment. 
In 4(a) and (b) the devitrification products are 
completely different even though the starting mix is the 
same. It is apparent in 4(a) that the shorter 
devitrification time (20 hours) produces yttrium-
aluminium garnet and C-phase, whereas a longer treatment 
(65 hours) probably allows the aluminium to be 
incorporated in the /.3' leaving only binary silicates 
as grain-boundary phases. 
YAG and C-phase contain nitrogen, as discussed 
previously, and the glassy grain-boundary phases must 
also contain nitrogen although it is impossible to say 
how much without direct analysis. Jack (1977b) 
concluded that about 4 a/o nitrogen was incorporated 
I 
in the grain boundary glass of j:3 -sialon hot-pressed 
with Y203 and it is clear from the present work that 
its composition falls within the Y-Si-Al-O-N glass-
forming region. 
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VIII.2.~ Discussion 
The highest viscosity bulk nitrogen 
glasses are in the Y-Si-AI-O-N system where softening 
begins around 10000 C (Chapter VII); the useful 
I 
19 
strength and oxidation resistance of t3 -sialon sintered 
with yttria will therefore decrease above this temperature 
and the presence of impurities in the glass will lower 
the softening point still further. Suitable post-
preparative heat-treatments and compositional control 
to obtain highly refractory phases from the grain-
boundary glass offer methods of improving the high-
temperature properties. However, as discussed above, 
the control of the grain-boundary glass composition and 
its devitrification products is dependant upon the many 
variables of densification and devitrification treatments. 
The devitrification of the glassy phase may also be 
aided by the addition of suitable nucleating-agents 
to the original mix. This might ensure complete 
crystallization during heat-treatment and avoid the 
retention of any glass. 
The lowest solidus temperature in both the 
yttrium and magnesium alumino-silicate systems is 
approximately ,,500c and so some liquid will 
eventually form even-in the devitrified material if this 
temperature is exceeded, leading to deterioration in 
strength and oxidation resistance. The presence of 
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nitrogen in silicates has been shown to cause a 
lowering in the solidus temperature (Hampshire, 1980). 
Jack (1979) pointed out that as the number of components 
in a particular system increases, the solidus 
temperatures are lowered and so in four or five component 
systems, even after post-preparative treatment, only a 
limited improvement can be made in high-temperature 
properties. 
IX. ~u _ ~ Magnesium Sialon 
IX.1 Introduction 
Magnesium, beryllium and many other metal-silicon 
nitrides and oxynitrides have hexagonal structures 
based on the wurtzite-type shown by aluminium nitride. 
AlN is built up of AlN4 tetrahedra whereas 
structure contains equal numbers of and 
tetrahedra and it can be regarded as an orthorhombic 
superlattice of the hexagonal AlN. Magnesium is 
therefore tetrahedrally coordinated in the nitride 
structure whereas it is usually octahedrally 
coordinated in oxides and silicates, with the exception 
of spinel (MgA1 204) and akermanite (Ca2MBSi207) where 
it is tetrahedrally coordinated. 
~e2Si04 (phenacite) is the same structural 
arrangement as J.3 -Si~N4 but where the nitrogen atoms 
are replaced by oxygen atoms and two beryllium atoms 
substitute for two of the silicone of the j:3 structure 
(see Figure 1I.1(a». The beryllium atoms are 
therefore tetrahedrally coordinated with oxygen forming 
~e04 tetrahedra in the structure. 
Ms2Si04 (forsterite) is made up of isolated 
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Si04 tetrahedra in whioh the oxygens have a hexagonal 
close-packed arrangement with the magnesium oations 
occupying one-half of the number of octahedral holes 
in an ordered way and silioon occupying one eighth 
of the tetrahedral sites; hence magnesium is 
octahedrally ooordinated in forsterite. 
Since Be 2Si04 is isostructural with J=3-Si 3N4 , 
then it shows quite extensive solid-solubility in 
I 
both f3 and f3 whereas the solubility of M82Si04 in 
I f3 or J=3 is much lower; indeed the reaction of 
82 
MgA1 204 witn silicon nitride indicated only 6 e/o I 
magnesium solubility in the)3 structure (Hendry et al., 
1975). Gauckler et alo (1978) and Lewis et al. (1980b) 
I 
reported that magnesium solubility in f3 -sialon is 
negligible and concluded that the magnesium is 
inoorporated in the grain-boundary glass or the spinel 
and polytype phases that are present after hot-pressing. 
Recent work by Schneider et al. (1980) shows 
how a complete solid-solution oan be produced between 
BeSiN2 and f3 -Si3N4 and also between BeSiN2 and 
A1N resulting in a single-phase material of the 
wurtzite structure 0 
The technologi,cal advantages of obtaining single-
phase nitrogen oeramios is obvious sinoe the presence 
of a second phase, whether vitreous or crystalline, 
is the major cause of the deterioration in the high-
temperature properties. 
A liquid region has been reported to exist on the 
3M:4X oompositional plane of the Mg-Si-Al-O-~ system 
(Jack, 1977b) close to forsterite (Ms2Si04 ) as is 
shown in Figure IX.1. The existence of a phase 
isostructural with f-3-Si 3N4 but close to a 
composition within this liquid region was discussed 
in Chapter VI. The purpose of the investigation 
described in the present Chapter was to study the 
formation of this phase, now designated as 
n J=3 -magnesium sialon. 
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IX.2 Exploration of the 3M:4X plane close to forsterite 
The vitreous region in the Mg-Si-Al-O-N system 
extends through the 3M:4X plane and slightly above it; 
see Chapter VI. Compositions were explored within and 
around the glass region on this plane and the results 
are presented in Figure IX.2. Peripheral compositions 
on the Si3N4 side of the glass-forming region after 
firing at 17000 C gave a phase with the f-3 Si N 
- 3 4 
structure but with unit-oell dimensions of much higher 
I 
values than previously found in any f-3 -sialon (z=4). 
The relative ohanges in d-spacings are shown in 
Figure IX.1 The 3M: 4X plane of the ,.Je-Si-Al-O-l'~ system 
showing the liquid regions at 1500? 1600
0
and 1700oC. 
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Figure IX.2 The 31J: 4X plane of the ~,Ig-Si-Al-O-N system 
showing the glass-forming region at 17000 C 
and peripheral crystalline phase fields. 
Mg-Si-Al-O-N system 
3M :4X plane 
Crystalline phases: 
" " f3 - f3-Mg sialon 
f3 -f3-Si3Nf. f3'-f3~sialon 
F-Forsterite 
S- Spinel 
, 
, 
Si3N4 z=1 z=2 
3/2 Mg2Si04 
F. / 
\';'~/F+S-
or' ____ e 
eG 
G-glass format ion 
17000 C 
v~ -- 2 0 ,.'ox --~ -. . 
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Figure IX.3. The unit-cell dimensions vary depending 
upon the composition and,of those oompositions examined, 
were in the range, 
a , 1.806 - 1.930 i ; c • 3.069 - 3.103 i 
I 
compared with those of a f3 -sialon at the composition 
z-4 (Si 2A1 404N4) 
a , 1.118 i • 
Accurate values were difficult to obtain sinoe 
compositional variations give broad lines on the X-r~ 
diffraction patterns. The new phase was designated 
13" -magnesium sialon. 
11 f3 was produced by either adding Si3N4 
(usually in the form of high(:3) to a glass composition 
thus moving the composition outside the vitreous region 
to the points marked "an and "b" on Figure IX.2, 
or by direct preparation from oxide and nitride powder 
mixes. The former method was investigated by firing 
glass and AME "high f3 -Si N n 3 4 for five minutes at 
11000C in the tUngsten resistance furnace and 
o 
subsequently cooling it (250 C/minute), whereas the 
latter method required longer firing times, 30-60 
minutes, for complete reaction. 
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Figure IX.3 X-ray photographs showing 
o£ (2) oompared with 13" 
the diffraction pattern 
I f3 -sialon (3) and j3-Si3N4 (4). 
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" f3 Was frequently found' as a crystalline phase 
on the periphery of the glass-forming region of the 
Mg-S1-Al-O-N system and ocourred both on and below 
the 3M:4X oompositional plane (see Chapter VI). 
Traoe amounts of f3-Si 3N4 were always present in 
11 
oonjunction with the f3 -phase. 
11 
IX. and miorosco 1oa1 examination of 
Optical and scanning electron micrographs of 
the composition marked "a" on Figure IX.2 
distributed in a matrix of glass; 
and 5(a). Heat-treatment of the 
see Figures IX.4(a) 
same sample at 870°C 
for 20 hours increases the extent of crystallization 
around the original small orystals (Figure IX.5(b)). 
Further heating at 9300 C for 20 hours shows that the 
sample is almost oompletely crystallized with only about 
15-20% of residual glass; see Figures IX.4(b) and 5(c). 
X-r~ diffraction showed a oorresponding increase in the 
[3" amount of and a trace of forsterite (M82Si04 ) was 
° also detected after treatment at 930 C. Higher 
magnifications on the material before heat-treatment 
identified hexagonal crystals (Figure IX.6(a)), the 
electron-probe mioro-analysis of whioh" showed them to 
be mainly silioon nitride that had evidently precipitated 
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from the liquid on cooling. The matrix was a homogeneous 
Figure IX.4 
.' 
Optioal miorographs of compps~tion 
Mg22Si18Al~047N10 marked a.~ "a" on 
Figure IX.2 
(a) after firing at 17000 C for 5 minutes 
(b) as (a) and then devitrified at 
° 930 C for 20 hours • 
.... ", ! 
( a) 
20j-J 
( b) 
20}J 
Fi8ure IX.5 Scanning electron micrograph of 
composition marked "a" on Figure IX.2 
(a) after firing at 17000 C for 5 minutes 
(b) as (a) a.nd then devitrified at 
870°C for 20 hours 
(0) as Ca) ana. then devitrif1ed at 930°C 
for 20 hours. 
"." ~" 
( a) 
(b) 
(c) 
Figure IX.6 Soanning eleotron .icrcgraph of 
composition marked "a" on Figure IX.2 
(a) after firing at 1700°0 for 5 minutes 
Cb) as Ca) and then devitrified at 930°C 
for 20 hours. 
( a) 
( b) 
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glass with an analysis close to the starting composition, 
Figure rx.6(b) is a higher magnification of the 
sample shown by Figure IX.5(c), i.e. after treatment 
at 9300 C for 20 hours and it is apparent that the 
hexagonal crystals are surrounded by equiaxed grains. 
Electron-probe microanalysis showed that the hexagonal 
orystals are again silioon nitride and the surrounding 
corresponding to the "cross" (+) marked tic" on 
11 
Figure IX.2. The unit-cell dimensions of this particular 13 
composition being 0, 3.100 • 
The X-r~ maps of the three cations obtained from 
EDAX (Figure IX.1) show that there is a homogeneous 
distribution of Ms, Si and Al around the particles 
of silicon nitride. It is olear from the X-ray 
diffraction evidence and the electron-probe microanalysis 
A" that the equiaxed crystals are the , __ -Phase and have a 
composition M820.1Si18.1A13.6041.9N9.7 that is very 
close to th~t_of ~he original glass. The hexagonal 
t 1 id tl A-Si3N4 and the 13" seems orys a ~ are ev ~n y , __ 
to nucleate on them. Transmi88io~ electron-~icrosoopy 
(Wild, 1980) has also shown this feature and epitaxial 
A" , 
growth of the 1- on [3-S1.3N4 (or [3 -sialon) 
seems probable sinoe the diffraction patterns OfJ3· 
-I 
Figure IX.1 EDAX ot oomposition marked -a" _9n 
Figure IX.2 c-
(a) secondary electron image and X-ray 
maps: (b) Mg (c) Si and (d) Al. 
,.., " 
(0) Elect ran image ( b) Mg 
(c) Si (d) AI 
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and ~ are superimposed and have the same or~entation. 
On shifting the composition closer to the ~ -sia10n 
, 
phase field, f3 particles aot as nuolei. It is 
13" probably faMuitous that is formed merely by cooling 
the appropriate fusion mixture since it is obviously a 
product of devitrification. However, under the 
cooling conditions employed, the sample was held 
sufficiently long in the correct temperature range 
(6500_95000) for crystallization to start epitaxia1ly 
on 
, 
or f3 particles. 
11 
The f3 -magnesium 8ia10n phase is not stable 
above 950°0 and gradually transforms to forsterite, 
N-phase and silicon oxynitride. Heat-treatment of the 
sample shown in Figure IX.4(b) at 127000 transformed 
it completely to the above phases. 
1X.4 Discussion 
" The f3-magnesium sialon phase is isostructural 
with ~-Si~N4 but with highly expanded unit-cell 
dimensions. The only directly determined composition, 
Mg20.7Si16.1Al~.6047.9N9.1 ' has a metal:non-metal 
ratio of 3M:4X i.e. the same as for Si3N4 and 
Be2Si04 , and 'in order to adopt the phenacite structure, 
and therefore maintain the requisite 3M:4X ratio, 
" all the metal atoms must occupy tetrahedral sites in J3 . 
It is clear, therefore, that magnesium cannot occupy 
interstitial sites in the structure, as it does in 
, 
C)(-sialons,. Kx (Si,A1)12(0,N)24 where M:X > 3:4 
(see Jack, 1916; Hampshire et al., 1918) and in the 
stuffed-quartz derivatives of silica (see Buerger, 1954) 
where Al3+ replaces Si4+ in the tetrahedral sites 
and the charge balance is maintained by stuffing 
Mg2+ ions into the interstitial sites (Schreyer & 
Sohairer, 1961). 
13" The oomposition of is close to that of 
forsterite with some substitution of N3- for 02-
and with appropriate changes in the cation ratio i.e. 
Si4+ and Al 3+ replaoing Mg2+, thus maintaining 
a 3M:4X ratio and providing overall electroneutrality. 
It is olear that the change in composition enables 
magnesium atoms to become four-fold coordinated in the 
13" -phase, rather than six-fold coordinated as in 
forsterite, and this change is probably due to the 
presenoe of nitrogen. 
As disoussed in Chapter VI there is evidence that 
magnesium is tetrahedrally coordinated in nitrogen 
glasses. It is not unreasonable, therefore, that 
magnesium should be tetrahedral1y ooordinated in a 
13" orystalline phase such as which is obtained by 
devitrifioation of nitrogen glasses. 
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Table IX.1(a) lists the bond lengths, for 
tetrahedral coordination of the metal atoms that ocour 
11 
in the f3 -phase. For the composition 
M820.7Si1S.1A1,.6041.4N9.7' the relative proportions 
of all the M-X bonds in the structure can be 
calculated and, using the appropriate individual bond 
lengths (Table IX.1(a», an average M-X bond length 
of 1.825 i is derived. Comparison with the mean 
Si-N bond length of 1.74 i in f3-Si,N4 indicates 
that the f3" -lattice is linearly expanded by 4.~ 
relative to f3. Assuming this expansion is 
isotropic the unit-oell dimensions of 13" are therefore 
expected to be 4.9% larger than those of f3-S1 3N4 • 
Table IX.1(b) shows that the calculated and 
11 
observed unit-cell dimensions and volumes for ~ are 
in reasonable agreement. The oalculated a-value 
and c-value are respectively someWhat higher and lower 
than those observed but the calculated and observed 
cell volumes are in exact agreement. This shows that 
" although the expansion of f3 relative to f3 is not 
isotropic, the overall volume change is accounted for 
by the proposed composition and structure. 
Sinoe the scattering factors of silicon, magnesium 
and aluminium are very similar to each another, it is 
not possible to detect any ohange in intensit1es or the 
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Table 1X.1(a) 
M-X bond lengths for the tetrahedral ooordination 
of metal atoms and relative numbers of the 
B" different bonds in ,__ of oomposition, 
Me20.1Si18.1A13.6041.9N9.1 
bond M - X bond lengths, relative numbers of 
J4 - X i K - X i3~dS in the 11 
-phase 
!4g - 0 1.91 1.406 
Mg - N 2.13 0.082 
Si - 0 1.62 0.355 
Si 
- N 1.14 0.012 
Al - 0 1.15 0.011 
Al 
- N 1.81 0.014 
Table IX.1 Cb) 
unit-oell i uni t-oell 3 dimensions, volume, i 
a 0 V 
f3 -Si3N4 1~61 2.91 145.9 
" f3 oalo 1.98 3.05 168.4 
I, f3 obs 1.92 3.10 168.4 
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occurrenoe of extra reflections in the X-ray diffraction 
n 
pattern due to the presence of magnesium in thej:3· 
structure. However it is clear from the above that 
magnesium must occupy tetrahedral sites in the 
structure. 
f3 u The phase crystallizes from the glass only in 
a limited temperature range (8500-9500C) and in the 
presence of ~-Si3N4 crystallites aoting as nuolei 
on which it grows epitaxial1y. o Above 950 C, 
diffusion rates inorease and the greater structural 
u 
mobility allows transformation of the f3 phase to the 
more stable forsterite structure with aluminium and 
nitroeen being aocommodated in N-phase (M82SiAl04N) 
and any excess silioon and nitrogen forming Si2N20. 
The transformation of one phase to another is not 
unoommon during devitrification of glasses; indeed in 
the Mg-Si-Al-O glass-system the formation of 
metastab1e phases such as high-quartz solid solution 
and magnesium-peta1ite oocurs at low temperatures 
during devitrification (see Barry et al., 1978). 
u 
Similarly. f3 -magnesium 8ialon occurs as a low-
temperature devitrification product of Mg-Si-A1-0-N 
glasses whioh have oompositions at or close to 
3K:4X • 
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x. Conclusions and Suggestions for Future Work 
Nitrogen-containing glasses occur in a number of 
M-Si-O-N and M-Si-Al-O-N systems. The M-Si-Al-O-N 
glass-forming regions are extensions of their 
corresponding M-Si-Al-O vitreous regions and occur 
by the substitution of oxygen by nitrogen in the glass 
provided that appropriate valency compensation is also 
made by changes in the cation composition. Initially 
the composition range of the glass-forming region 
widens up to about 10 e/o N (4 a/o) but on further 
substitution of oxygen by nitrogen the extent of the 
vitreous region is gradually reduced. The maximum 
nitrogen solubility is in the range 10-12.5 a/o 
depending upon the particular system. The highest 
nitrogen-containing glasses so far obtained are in 
the Y-Si-Al-O-N system. 
Viscosity and refractive index in all the nitrogen-
glass systems increase with nitrogen concentration. 
These observaticns are of possible technological 
significance since replacement of oxygen by nitrogen 
in glasses provides a means of changing glass 
properties. 
The study of viscosity, and devitrification of 
nitrogen glasses is necessary for the understanding of 
the high-temperature properties of nitrogen ceramics. 
Eventual improvements m~ be made in these materials 
by composit10nal oontrol of the grain-boundary vitreous 
phases and post-preparative devitrification heat-
treatments to obtain refraotory second phases oompatible 
with the matrix. 
u 
The !-3-magnesium sialon phase is isostructural 
with f.3-5i 3N4 and has a oomposition close to that 
of forsterite (Mg25i04) 
of Mg2+ by 5i4+ and 
but with some substitution 
Al3+ and also 02- by N3-. 
The phase is obtained by devitrification of 3M:4X 
glasses and must be nuoleated by ~-5i3N4 or 
I ~ -sialon. The possible stabilization of this phase 
to higher temperatures is worth further explora~ion 
since single-phase nitrogen ceramics densified with 
magnesia additions might then be possible. 
93 
94 
Appendix 
The Dieleotrio Properties of Seleoted Nitrogen Glasses 
Initial measurements of dieleotrio oonstant on some 
oaloium and magnesium sialon glasses are disoussed 
(Thorp & Kenmuir, 1980). The glasses were of the 
standard oation oomposition, 28 elo M : 56 elo Si : 
16 elo Al, (see Chapter VII), and are given in 
Table A.1. The measurements were oarried out at 
Durham University on speoimens prepared at Newoastle • 
, .. 
Values of the real ( E ) and imag inary ( E ) 
parts of the dieleotrio constant and the a.o. 
oonduotivity ( 0"" ao ) were obtained at room 
temperature over a frequenoy range 10' Hz to 104 Hz 
using bridge techniques. The experimental methods are 
desoribed in detail by Thorp & Rad (1980) and Rad (1980). 
Speoimens of 1 om diameter and a thickness of 0.05 om 
were prepared from the bulk glasses by outting and 
polishing and transparent disos similar to those shown 
in Figure VII.15 were obtained. Circular gold 
electrodes were evaporated onto the surfaoes ot the 
discs to provide good electrical contaot with the 
electrodes ot the measuring jig. Careful estimation 
·Table A.1 
-
sample 
number 
1 e/o 
a/o 
2 e/o 
a/o 
3 e/o 
a/o 
4 e/o 
a/o 
5 e/o 
a/O 
Composition of _t~e_&l.3.sBeB inves~ated and their dielectrio constants 
• 
composition E EOO refractive 
1600 Rz index! Mg Ca Si Ai 0 N ( Eoo) 
28 
- 56 16 100 0 6.8 2.46 1.567 
16.8 
-
16.8 6.4 60.0 0 
28 
-
56 16 82 18 
11.4 
-
17 .4 6.7 51.0 1.5 8.3 2.71 1.645 
-
28 56 16 100 0 
-
16.8 16.8 6.4 60.0 0 8.8 2.59 1.609 
-
28 56 16 88 12 
- 17.2 17.2 605 54.2 409 9.7 2.77 1.664 
-
28 56 16 86 14 
-
17.3 17.3 6.5 53.1 5.8 10.1 2.80 1.613 
- -
j 
'" V1 
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of edge effects enabled an accuracy of + 6% to be 
achieved. 
• 
Table A.1 shows the values of £ and the 
• 
varia tions of log ( E - EOO) wi th log UJ are 
illustrated in Figure A.1. The value of £00 was 
estimated from the optical refractive index measurements 
discussed in Chapter VII. The data obtained for each 
composition fit well with the Universal dielectric 
response law 
( • E -too ) 
-
w (n-1) 
and the slopes of the individual plots give a value 
of n - 0.99 + 0.02 for all the glasses. It is clear 
that substitution of nitrogen for oxygen increases 
for both the magnesium and calcium glasses at any 
, 
frequency in the range examined. The value of £ 
also increases when changing the modifying cation from 
magnesium to oalcium in both the oxide and nitrogen 
glasses. As discussed in Chapter VII, the values of 
refractive index are altered in a similar way by the same 
compositional changes (see Table A.1). 
The conductivity data are shown in Figure A.2 
and the curves for each glass composition fit well 
with the variation expected for a hopping mechanism 
s 
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of conductivity where The data 
give a value of n - 1.0 + 0.1 for the calcium 
glasses which is in good agreement with that found 
• 
from the ( £ - £(0) curves. In the case of the 
magnesium glasses the values of n derived from the 
conductivity measurements are rather lower than those 
obtained from the dielectric plots. It must be 
pointed out that it is more diffioult to measure 
aocurately the values of 0-ao 
might explain the discrepancy. 
, 
than £ and this 
Conductivities for Y-Si-Al-O-N glasses reported 
by Leedecke & Loehman (1980) at 100 kHz and elevated 
temperatures are of a similar order to those discussed 
here in the kHz range but measured at room temperature • 
• The above authors also reported an increase in E • 
at room temperature, with nitrogen addition. 
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